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SUMMARY 

This  document  is the F ina l  Report  f o r  the work per formed on Contract  Number 
NAS-9-5581. 
Specifically the effort  was directed to the devising of an  advanced c i r cu i t  
approach  for the design of an optimum light weight s ingle  phase s ta t ic  i nve r t e r ,  
The r e p o r t  cove r s  the period f r o m  January 15, 1966 to June 15, 1966 dur ing  
which a bas i c  approach was selected f r o m  two initial concepts and investigated 
in detai l .  The se lec ted  inver te r  was designed in sufficient detai l  t o  pe rmi t  the 
completion of a r ea l i s t i c  packaging effort  which yielded a compact,  producible, 
and r e l i ab le  inver te r  configuration, 

The object of the program was the study of s ta t ic  i n v e r t e r s .  
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1. INTRODUCTION 

The work ca r r i ed  out by this program was the Study P r o g r a m  o r  Phase One 
portion of the s ta t ic  Inverter  Development requi rement  d e s c r i b e d  by NASA- 
MSC-RFP BG 731-31-6-19 P. 
advanced modular-type s ta t ic  inverter  having the following cha rac t e r i s  tics: 

The goal of the p r o g r a m  was to devise a n  

1) Reliability 
2) Low weight 
3) High efficiency 
4) 
5) 
6 )  

Compatibility with a fuel cell sou rce  
Compatibility with a wide var ie ty  of AC loads 
Capability of being interconnected with identical  modules in t h r e e  
phase and /o r  para l le l  hookups 

At the initiation of the p r o g r a m  two bas ic  inver te r  concepts were  investigated 
and evaluated. The concepts were  called the Phase  Angle Modulated o r  PAM 
inverter  and the Pu l se  Width Modulated o r  PWM inve r t e r ,  Each  inver te r  
systemwas near ly  identical  in t e r m s  of performance,  p a r t s  count, and weight. 
The P W M  inver te r  s y s t e m  w a s  chosen for  detai l  study af te r  evaluation because 
of fewer power-switching semiconductors,  l e s s  audio noise generation and l e s s  
functional complexity . 
Each inverter  concept was based on the generation of a sinusoidal 400 cycle 
output voltage by means of high-f requency pulse  width modulation techniques.  
The purpose for  using the high frequency techniques was to e l iminate  the r a the r  
heavy 400 cycle power t r ans fo rmers  used in conventional inver te r  designs and 
a l so  t o  r a i s e  the dis tor t ion components to a high frequency which would pe rmi t  
the u s e  of r a the r  light weight fi l tering methods.  Each  inver te r  sys t em yielded 
r a the r  light weight and low energy s torage  designs ( in  t e r m s  of internal  f i l ter ing 
requi rements )  when operated f rom low impedance power sou rces .  

The application of the  bas i c  inverter  designs to r a t h e r  high impedance power 
sou rces  such a s  fuel cel l  sou rces  introduced ma jo r  design complications which 
added components and weight to the inve r t e r .  
p resented  in the r epor t .  

The solution to  this problem is 

The design objectives of the s ta t ic  inverter  a r e  summar ized  in the following 
table.  

Input Voltage: 

28 plus or minus 4 volts, 0 . 5  ohm source impedance. 
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Output Voltage: 

115 volts rms. 

Regulation: 

p lus  o r  minus 1 percent .  

Frequency: 

400 cps plus o r  minus 2 percent when f r e e  running. 
cen t  when synchronized with a 6400 cps s ignal .  

P lus  o r  minus 1 per -  

Odtput Power: 

500 VA continuous. 
750 VA fo r  10 minutes .  

Power  Factor :  

0.65 lagging to 0 . 8  leading a t  all  levels ,  0 . 8  to 0 .1  leading for  0 to 30 per -  
cen t  load. 

Short  Circuit :  

14 a m p s  fo r  twenty seconds, self-protecting and automatic  recovery .  

Harmonic  Dis tor t  ions: 

5% total  

Efficiency: 

80 percent  at ra ted load 
6 0  percent  of 4070 ra ted  load 

We ight: 

15 pounds 

A deta i led  specification is appended a t  the end of the r epor t .  
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I1 BASIC SYSTEM DESCRIPTIONS 

In this sect ion the PAM and PWM inve r t e r s  w i l l  be descr ibed.  

A. Phase  Angle Modulated (PAM) Inver te r  

The inversion method described h e r e  is basical ly  a spec ia l  type of high 
frequency pulse width modulation. 
7. 5 kilocycles in this ca se ,  is much higher than the des i red  400 cps 
output frequency. 
demodulate the 7. 5 KC. 

The high frequency repeti t ion r a t e ,  

The 400 cps s igna l  i s  used to f i r s t  modulate and then 

The bas ic  concept of the inverter  can bes t  be descr ibed with the ass i s tance  
of the block diagram shown in Figure 1. 
s en t i a l  a r e a s  of the PAM Inverter.  

This diagram desc r ibes  the e s -  

The inve r t e r  consis ts  of two parallel-type power inve r t e r s  (high power 
switching ampl i f i e r s ) .  The switching elements  a r e  paral le l  combinations 
of high-speed t r a n s i s t o r s  in a push-pull configuration. The paralleling 
of the t r a n s i s t o r s  permits  safe overloading of the inver te r  without incur-  
r ing  t r ans i s to r  damage. One of these,  called the "master" ,  runs at a 
constant  frequency of approximately 7. 5 KC. The second one, called the 
"slave", a l s o  runs  a t  7. 5 K C  but i ts  phase angle is controlled by a modu- 
l a to r  operat ing on the high frequency squa re  wave dr ive signal. The phase 
angle modulation is controlled such that in the absence of modulation s i g -  
nals, the two inve r t e r s  a r e  180" out of phase and their  sum is zero.  When 
a modulation s ignal  is present  ( f rom the s ine wave re ference) ,  the phase 
angle  of the modulated inverter  voltage is reduced with respec t  to the un- 
modulated inver te r .  
wave because the modulated high frequency square  wave can only contain 
amplitude information. 
demodulator.  
v e r t e r  voltage is a t r iple  valued (tE, 0, -E) pulse-width modulated t r a in  
of high frequency pulses. 

- 

The shape of the modulating s ignal  is a rectified sine 

The polarity information is re - inser ted  by the 
The sum of the modulated and unmodulated square  wave in-  

Figure 2 i l lus t ra tes  this principle. 

It can be seen  from Figure 2 that the pulse width of the summed high f r e -  
quency squa re  waves is  a proportional function of the rectified modulating 
signal.  At the point in the c i rcu i t  represented  by Figure 2 the wave form 
has two important  charac te r i s t ics ;  a high-power level, but a t  a high f r e -  
quency (7. 5 KC) and a modulation o r  information charac te r i s t ic  which is 
proport ional  to the amplitude of a modulating signal. 

, 

There fo re ,  if the modulating signal is sinusoidal,  the pulse widths will  
follow the amplitude of the modulation s ignal  in a rectified sinusoidal 
manner .  
ulating signal. 
cps sinewave information from the high frequency, high-power pulse width 
modulated waveform. The demodulator used in this inver te r  is a spec ia l  
type of keyed rect i f ier .  The keying s ignals  (sinewave re ference  and the 
high frequency squa re  wave drive signal)  control  the demodulator and cause  
it to produce a l te rna te  positive and negative bunches of width modulated 
pulses  at the 400 cps  rate .  

F igure  3 presents  the waveforms with a 400 cps sinewave mod- 
A demodulator m u s t  now be used to recons t ruc t  the 400 

A frequency doubling of the 7. 5 KC a l s o  takes 
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place because of the full-wave nature  of the demodulator.  
high frequency ra te  of the width modulated pulses to 15 KC permitt ing the 
use  of a l ighter  and m o r e  efficient f i l ter .  
fo rms  assoc ia ted  with the demodulator. 

This r a i s e s  the 
i 

Figure 3 i l lus t ra tes  the wave- 

F r o m  the above explanation i t  is  evident that power conversion from DC 
to 400 cps AC has  been accomplished by using phase angle modulation of 
high frequency which uti l izes light weight wound components. Also,  the 
demodulator converted the high frequency waveform to a 400 cps  wave- 
form with only very  high frequency dis tor t ion components which s im pl i -  
fied the filter problem. 
energy s torage  which inc reases  the regulation response t ime of the in- 
ve r t e r .  

The s imple f i l t e r  utilized a l s o  r equ i r e s  minimum 

The spec ia l  demodulator r e fe r r ed  to above is not a s imple  keyed rec t i f ie r  
but r a the r  a keyed AC switch which permi ts  b i l a t e ra l  power flow. 
means  the inve r t e r  can pump power backwards into the DC source  (with- 
out s tor ing i t  in a n  output f i l ter)  which is essent ia l  for  react ive loads. This 
ability permi ts  the inver te r  to dr ive  all power factor  loads. 

This 

B. Pulse Width M d u l a t e d  (PWM) Inver te r  

The basic  PWM Inver te r  block diagram is presented in F igure  4. 
sists of a DC to DC conver te r  and a t r ans fo rmer l e s s  inver te r  with the 

It  con- 

. associated logic c i rcu i t s .  

. A m o r e  detailed block diagram is presented in Figure 5 and br ief ly  br ie f -  
ly  descr ibed below. 

The f i r s t  pa r t  consis ts  of a DC-DC converter  and its associated logic c i r -  
cuitry.  The DC-DC converter  is  used to s t ep  up the sou rce  voltage to a 
high DC voltage level  (200 VDC) that is compatible with the P W M  power 
stage.  Regulation of the AC output voltage against  sou rce  var ia t ions is 
provided by the DC-DC converter.  This is accomplished by feeding back 
an e r r o r  s igna l  which phase shifts one output square  wave with respec t  to 
a second fixed output square  wave result ing in a rectified quas i - square  
wave whose conduction angle depends on the e r r o r  signal. The DC-DC 
conver te r  opera tes  a t  20 KC in o r d e r  to reduce i ts  s i ze  and weight by 
using f e r r i t e  co re  m a t e r i a l  for all the t r ans fo rmers .  

The second part cons is t s  of the low level  logic c i r cu i t ry  required to gen- 
e r a t e  the proper  pulse width modulated waveforms that  a r e  required by 
the inver te r  power stage.  
synchronizer  c i rcui t ,  is sen t  to the c u r r e n t  re ference  and attenuator c i r -  
cuits.  
ducing the amplitude of the square wave to zero.  
used to ex t r ac t  the fundamental o r  400 cycle component f rom the square  
wave. 
voltages by means  of a t r ans fo rmer .  The result ing sinewaves a r e  mod- 
ulated by a i'- 5 KC carrier frequency whose wave shape is t r iangular .  
The modulated sinewaves are then converted into natural ly  sampled pulse 
width modulated waveforms in the two s l i c e r  amplif iers .  
width modulated waveforms whose 400 cycle components are 180" out of 

A 400 cycle square  wave, generated by the 

Cur ren t  overload protection is provided in these c i rcu i t s  by r e -  
A band pass f i l ter  is 

The sine-wave is then buffered and spl i t  into two out of phase 

These two pulse 
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phase are amplified in the dr iver  s tages  which dis t r ibute  them to the 
appropriate  power switch segments in the inver te r  power stage.  

The third par t  consis ts  of a bridge inver te r  power s tage and i t s  AC f i l ter .  
The br idge inver te r  power stage has  high speed power t r a n s i s t o r s  con- 
nected in  each of i t s  four switch segments .  Two of these switch segments  
are connected to the positive line of the DC-DC conver te r  while the other  
fwd are connected to the negative line. One d r ive r  c i rcu i t  is used to con- 
trol one positive and one negative switch segment.  
modulated waveforms f rom the d r i v e r  c i rcu i t s  a r e  subtracted in this 
bridge inve r t e r  power stage result ing in a difference waveform a c r o s s  
the AC output f i l ter .  This difference waveform contains the 400 cycle 
component and the second and higher harmonics  of the c a r r i e r  frequency 
and the i r  associated sidebands. The A G  output f i l ter  suppressed  these 
high frequency components allowing only the 400 cycle power frequency 
to appear  a c r o s s  the load. 

The two pulse width 

F igure  s i x  i l lus t ra tes  the waveforms developed by the inver te r .  
i nve r t e r  approach, like the PAM sys t em,  has  the following advantages. 

This 

1. No heavy 400 cycle output power t r ans fo rmer  is required.  

2. A light weight AC f i l te r  can be used since i t  is only required 
to suppres s  the second and higher harmonics  of the c a r r i e r  
frequency and their  sidebands. 

3. The conversion efficiency of the pulse width modulated inver te r  
power s tage and AC f i l ter  is high (approximately 90%). 

C. Multi-Module Operation - Three  Phase  and /or  P a r a l l e l  Connection 

Rega rd le s s  of which bas ic  inver te r  approach is selected i t  is mandatory 
that e i ther  i nve r t e r  type be a !'Building Block". 
c i rcu i t s  are required to provide the necessa ry  s ignal  processing which 
enables the bas ic  single-phase module to function in para l le l  with other  
modules  or in one leg of th ree  phase sys tems.  
must be capable of synchronizing the module to an ex te rna l  6 . 4  KC signal. 

Ex t r a  low level  logic 

Fur the rmore ,  this logic 

The  select ion of which specific function to be performed by the low level  
logic m u s t  be  s imply programmed by the manner  in which the modules a r e  
interconnected. 

D. Inver te r  System Choice for Detai l  Study 

The number of power switching components required in each inver te r  can 
be considered a valid point for choosing the type of inver te r  for  fur ther  
study. Based  on the use of s imi l a r  t r a n s i s t o r s  for both the PAM inver te r  
s t a g e s  and the DC-DC converter  br idge and the use  of 20-amp power t ran-  
sistors in the PWM power inversion s tages ,  a representat ive count can be 
determined.  In the PAM inverter ,  thirty-two (32) snitching devices a r e  
required.  Twenty (20) 25-amp t r a n s i s t o r s  i n  the power inversion s tages ,  
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and twelve (12) gate turn-off SCR's in the demodulator.  The r a the r  la rge  
number  of power semiconductors is required because the peak cu r ren t s  
t h a t  m u s t  be switched by each device a r e  a function of the peak load c u r -  
ren ts .  N o  smoothing o r  averaging (energy s torage)  is performed which 
would l e s sen  the peak cur ren ts .  

The PWM inver te r  requi res  twelve switching devices  (eight in the DC-DC 
conver te r  and four in the P W M  inversion s tage) .  
gives the PWM inver te r  f i r s t  consideration. 
of power t r a n s i s t o r s  in the DC-DC conver te r  is the r e su l t  of f i l tering be-  
tween the DC-DC converter  and the PWM inve r t e r  bridge. 
ave rages  the output power of the conver te r  and smooths the c u r r e n t  the 
power t r a n s i s t o r s  m u s t  switch. 

This cha rac t e r i s t i c  
The relat ively s m a l l  number 

The fi l tering 

Another fac tor  deserving consideration is audio noise generation. The 
P A M  inver te r  uses  power t r ans fo rmers  which opera te  a t  7. 5 kilocycles 
nominally. In o r d e r  to decrease  the noise level  produced by the t r ans -  
formers, the flux level  m u s t  be reduced. 
however,  the t r a n s f o r m e r  weight i nc reases  which is unacceptabel. In- 
c r eas ing  the operating frequency to above audible ranges is a l so  unaccept- 
able because the gate turn-off SCR's  in the demodulator a r e  frequency- 
l imited to operat ion a t  7. 5 kilocycles. The PWM inve r t e r  has  only one 
power t r a n s f o r m e r  which is in the DC-DC conver te r .  
operates at 20 kilocycles which is above the n o r m a l  audible range and 
therefore ,  is an  essent ia l ly  quiet inver te r .  

If the flux level  is reduced, 

This t r ans fo rmer  

Complexity is a l so  another important consideration. 
is basical ly  much s imple r  than the PAM inve r t e r  because of the fewer 
log ica l  functions required by the control  system. 
ulator logic is not required by the P W M  inver te r .  

The PWM inver te r  

The a r e a  of the demod- 

Based on the above considerations,  the inver te r  design which had been 
pursued was the PWM inverter .  

7 
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Unmodulated Invert  e r  Output (Mas te r )  

9 Modulating Signal 

Phase Angle Modulated Inverter  Output (Slave) 

Summed Inverter  Outputs 

* Modulating Signal shown a s  voltage s t e p  for  c la r i ty  purposes  only. 

PAM INVERTER WAVEFORMS 

Fig 2 
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Hi Power,  H i  F r e q .  Pulse  Width Modulated Signal 

Demodulated Hi Power  Waveform 

4 
a Squared Sine Wave Reference Signal 

(A Demodulator Control Signal) 

. Hi  Freq. Square Wave Oscillator Signal 
(A Demodulator Control Signal) 

Demodulator Waveforms 

P A M  INVERTER WAVEFORMS 
Fig 3 
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111 DETAIL DESCRIPTION OF THE PWM INVERTER 

A. Power Source Impedance Considerations 

In the design of a s ta t ic  inverter  the interface between the power sou rce  
and the inver te r  cannot be neglected. 
source wil l  have perfect regulation and no in te rna l  t r ansmiss ion  impedance. - this si tuation s implif ies  the inver te r  design because any fluctuation of 
input c u r r e n t  to the inver te r  will not d i s turb  the sou rce  bus. However - 
this is not the c a s e  with real is t ic  power sou rces  and distribution sys tems.  
Fluctuations of input cu r ren t  to the inve r t e r  cause ripple voltages to de-  
velop a c r o s s  the sou rce  impedances. 

Under ideal  conditions a power 

The specification f o r  this inverter  s t a t e s  that  the ripple generated by the 
inver te r  onto the dc input line not exceed 0. 5 volts peak. In the idea l  ca se  
of a PWM inve r t e r  the internal  energy  s torage  is a minimum which means  
a near ly  d i r ec t  t ransmiss ion  of power f rom the source  through the invert-  
e r  to the load. 

A s imple mathemat ica l  analysis wil l  r evea l  that the input cu r ren t  drawn 
by the inver te r  is an 800 cycle s ine  wave with a dc value. 
s tances  (leading o r  lagging loads) the input c u r r e n t  is actually negative. 
The ana lys i s  is below. 

In some  in- 

V = r m s  output voltage 
1 = r m s  output c u r r e n t  
P = power output 

vo = fz v s i n  (wt t a) 
io = -\Tz I s i n  (wt t b) 

y e  - vo io 

The instantaneous power output is a l so  

4. = V1 cos (a-b) - V 1  cos (2 wt t a t  b) 

Since the PAM inver te r  contains a minimum of energy s torage  elements ,  
the input power to the inver te r  can  be expressed  as the output power 
divided by the efficiency factor: 

- 
Pin - ‘0 - 

n 
or 

pin = (V terminal)  (il) 

Assuming that the line and ba t te ry  impedances a r e  negligible, the c u r r e n t  
il can  be expres sed  as: 

V t e rmina l  



P 

II 
C 
P 
t 
fl  
I 
B 

however 

the r e  for e 

PO - .il - 
(n) (V terminal)  

o r  
- V -  I * c o s ( a - b )  - V * I = c o s  ( 2  wt  t a t b) - 

(n) (V te rmina l )  

The cu r ren t  il i s  s een  to consist  of two components: the d i r ec t  cu r ren t  
component: 

- - V. I a c o s  (a-b) or Po 
n (v terminal)  n (V te rmina l )  

and a n  al ternat ing corn ponent: 

- - - V * I . c o s  (2  wt t a t  b) 
n (V terminal)  'AC 

o r  
- Po cos  2 wt - 

n (V terminal)  
IAC 

The IAC is the r ipp le  c u r r e n t  and occurs  a t  twice the operating frequency 
of the inverter .  

As the ripple c u r r e n t  is impressed  upon the line and ba t te ry  impedances,  
a n  AC voltage i s  developed a t  the inver te r  te rmina ls :  

where 

In o r d e r  to eliminate the ripple voltage, VAG, from appearing a t  the in- 
v e r t e r  terminals ,  the ripple current ,  IAC, mus t  be eliminated. 

The method used to eliminate the ac  c u r r e n t  r ipple is quite simple.  
o r d e r  to smooth a ripple cu r ren t  o r  voltage energy s torage  is required.  
The choice of where to in se r t  energy s torage  devices i s  then a m a t t e r  
selecting the mos t  economical point in the c i r cu i t  in  t e r m s  of weight and 

In 
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efficiency. 
d c  input of the PWM power inver te r  br idge s tage proved to be the bes t  
location. 
block d iagram form. 

In this ca se  the inser t ion of an  800 cycle LC t r a p  a c r o s s  the 

Figure 7 i l lus t ra tes  the location of t r a p  and its function in  

The 800 cycle trap effectively supplies a path for the 800 cycle AC com- 
ponent of c u r r e n t  required by the PWM inver te r .  At  the s a m e  t ime this 
t r a p  causes  only the DC component of c u r r e n t  to be drawn from the con- 
v e r t e r  - thereby smoothing the conver te r  output cur ren t .  

The other  sou rce  of ripple cu r ren t  is the dc-dc converter .  This ripple 
is caused by the high frequency switching mode of operation of the con- 
ve r t e r .  A low value LC input f i l t e r  e l iminates  this sou rce  of t rans ien t  
noise. 

The s i z e s  of the f i l t e r  components in  the inver te r  were  der ived f rom a n  
analog computer  simulation of the inver te r .  The complete inve r t e r  was 
s imulated and the f i l t e r  values adjusted under dynamic conditions of line 
and load until  the required performance was obtained. 
d iagram is shown in appendix 11. 

The computer  

B. Logic and Drive Circui ts  

1. INVERTER LOGIC AND CONTROL SYSTEM 

A block d iagram of the inverter  cont ro l  system is shown in f igure 8. 
d iagram i l l u s t r a t e s  how a 400 cycle squa re  wave from the synchronization 
c i r cu i t s  is used to control  the frequency and phase of the inver te r ,  how 
the pulse width modulation is accomplished, and how voltage regulation 
and c u r r e n t  l imiting is performed. 

The 

When the sync s ignal  is absent the inver te r  f r ee  runs and is controlled by 
a UJT voltage controlled oscil lator.  
tor is der ived f rom a phase detector which has  an  input f rom the 
output and an input f rom the sync c i rcu i t s  - an  absence of e i the r  s ignal  
causes  the control  output voltage of this c i r cu i t  to disappear .  

The control  voltage for  the osci l la-  
inver te r  

. 

When a sync s ignal  i s  present the phase detector  develops a voltage which 
is proportional to the instantaneous phase d i f fe rence  of the inve r t e r  output 
and the sync signal. 
osci l la tor  to e i ther  speed up  o r  slow down until exact  synchronism is ob- 
tained. The maximum frequency excursion is limited by clamping diodes 
which prevents the osci l la tor  f rom changing frequency m o r e  than a pre-  
de te r m  ined am ount. 

This control voltage then causes  the voltage controlled 

The square  wave output of the osci l la tor  is then clamped by a voltage con- 
t rol led amplif ier .  
pass  f i l t e r  into a quality sine wave. 
ampl i f i er  holds the amplitude of the sine wave to a prec ise  value determined 
by a zener  diode, 
shape  re ference  for  the inverter .  

The output of the amplif ier  is then shaped by a band- 
Feedback to the voltage controlled 

This precise sinewave is used as the voltage and wave- 
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Current  limiting is accomplished reducing the amplitude of the sinewave 
reference s ignal  when the cu r ren t  exceeds a predetermined l imit ,  

Voltage control  is obtained by comparing the output voltage of the inve r t e r  
with the sinewave r e fe rence  signal. 
nals is an  e r r o r  voltage. 
wave s ignal  to develop the modulation signal. 
control  of voltage and wave shape a s s u r e s  good t rans ien t  wave form con- 
t ro l  of the inver te r  and eliminates the second harmonic  dis tor t ion in t ro-  
duced into the sys tem by the slight 800 cycle ripple present  on the dc-dc 
conve r t  e r out put. 

The difference between the two s ig -  
This e r r o r  voltage is then added to the s ine-  

The near ly  instantaneous 

The PWM control  waveforms a r e  obtained by adding a 7. 5 KC triangle 
wave to the modulating signals.  
generate the low leve l  PWM signals shown on figure 6. 

The combined waves are then s l iced to 

Buffering of these s ignals  by the d r ive r  c i rcu i t s  i so la tes  the control sys tem 
from the power inve r t e r  interface.  

The c i rcu i t  diagram shown in figure 9 and pa r t s  l i s t  revea ls  the use  of 
many identical  integrated c i rcu i t s  and mniponents. ( P a r t s  l i s t  in table 1) 
The use of a basic  integrated c i rcu i t ,  operat ional  amplif ier  for  many uses  
such as summing networks, s l i ce r s ,  and buffers s implif ies  the control  
system also.  

2. SYNCHRONIZATION CIRCUIT 

The circui t  d iagram of the sync c i r cu i t  is shown in F igure  8. 
of the sync c i r cu i t  is to produce three  400 cps  squa re  waves displaced 
exactly 120 e l ec t r i ca l  degrees .  
synchronized by a n  ex te rna l  6 . 4  KC signal. 
or extreme deviation in frequency of the ex te rna l  s ignal  the sync sys tem 
will  automatically l imit  i t s  output s ignal  frequency. 

The purpose 

The 400 cycle s ignals  m a y  o r  m a y  not be 
Also, in the event of the loss  

The sync sys tem cons is t s  of five ma jo r  sections:  

1. 

2. 

3.  

4. 

5. 

A divide by 16 c i rcu i t  which develops a 400 cycle squa re  wave f rom 
a 6 . 4  KC sync signal.  

A phase detector  c i r cu i t  which produces a DC control  s ignal  which is 
proportional to the phase o r  frequency difference of i t s  input signals.  

A voltage controlled oscil lator that produces a 2.4  KC pulse ra te .  
This osci l la tor  f r ee  runs a t  2. 4 KC *l% o r  can be controlled by the 
phase detector  output voltage. 

A modulo-six b inary  coded counter.  
s e t s  of complimentary signals which a r e  used as inputs to a gating 
network. The counter is a se l f -cor rec t ing  type with no ambiguous 
s table  s ta tes .  

This counter produces three  

Gating Network. This  network gates  the outputs of the modulo-six 

17 



counter into three  400 cycle squa re  waves with an  e l ec t r i ca l  phase 
displacement  of exactly 120 degrees .  

Integrated c i r cu i t s  a r e  used a s  much as possible in this sys tem.  
par ts  l i s t  is shown in Table 2. 

The 

3. DC-DC CONVERTER CONTROL 

The control  f o r  the dc-dc converter  is shown in figure 11. 
fw:o flip-flops, two dual nand gates, a 40 KC UJT osci l la tor ,  a pulse delay 
circui t ,  and a differential  amplifier feedback-loop c i rcu i t .  

I t  consis ts  of 

'The two flip-flops a r e  t r iggered by UJT 
direct ly  connected to the UJT oscil lator and produces a 2 0  KC squa re  
w'ave which i s  used direct ly  by the conver te r .  The second flip-flop is 
t r iggered by a UJT pulse circuit  which is gated by the dual  nand gate 
c i rcui ts .  
in i ts  emi t te r  c i rcui t .  
charging voltage. 

c i rcui ts  - the first flip-flop is 

The output pulse of UJT 2 is delayed by the RC charg ingc i rcu i t  
The delay is inversely proport ional  to  the  RC c i rcu i t  

The RC charging voltage is derived f r o m  the differential  amplif ier  c i rcu i t  
\vhicli compared the converter output voltage to a zener  diode re ference  
voltage. As the output voltage exceeds the r e fe rence  value the charging 
voltage d e c r e a s e s  which causes a grea te r  pulse delay.  The delayed pulse 
t r i gge r s  the second flip-flop la te r  in t ime which produces a g rea t e r  dwell  
t ime in the converter  output. 
converter  output voltage which reduces its deviation f r o m  the zener  r e fe rence .  

The g rea t e r  dwell t ime then reduces the 

The par t s  list for  the control is in Table 3. 

C. Power Inverter  

This bridge power inverter was designed using one 20-amp 325 -volt 
t rans is tor  p e r  leg.  
The par t s  list for  this inverter  is Table 4. 

The schematic  for this inver te r  is shown in F igu re  13. 

The power t r ans i s to r  ratings permi t  the inver te r  a t  500 VA steady-state ,  
750 VA overload, and 11.8 amps rms shor t  c i rcui t  cu r ren t .  These rat ings 
a r e  exactly as requi red  by the spec  except for the 270 percent  r a t ed  shor t  
c i rcu i t  cur ren t .  The spec requi res  322 percent .  

The lower p a r t s  count, light weight, and elimination of paral le led components 
make this inverter  stage a most  des i rab le  configuration. 
development of a 25-amp 325-volt t r ans i s to r  the sho r t  c i rcu i t  c u r r e n t  of 
14-amp rms will be attainable,  

In the event of the 
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An investigation was  made for the application of positive cu r ren t  feedback 
as a means  of supplying the required base  dr ive  c u r r e n t  for  the DC-DC 
conver te r  and the DC-AC inverter  power t r a n s i s t o r s .  The posit ive c u r r e n t  
feedback scheme  o f f e r s  the following advantages over  the m 3 r e  conventional 
fixed voltage d r ive  scheme that is present ly  being proposed.  

1. 

2. 

3 .  

The s to rage  and fall  t ime of the power t r a n s i s t o r s  will be 
essent ia l ly  constant, independent of the collector cur  r en t  magnitude, 
because the base  cur ren t  is  a function of the col lector  cu r ren t .  There-  
fore, the power t r ans i s to r s  a r e  never dr iven  hard  into saturat ion for  
low col lector  cu r ren t s  which would r e s u l t  in a n  inc rease  in the i r  s torage  
and fal l  t imes .  

The base  d r ive  circui t  l o s ses  should be l e s s ,  especial ly  at the lower 
col lector  cu r ren t  level, thus improving the overa l l  inver te r  efficiency, 

The unequal load cu r ren t  shar ing a t  turn-off caused by differences in 
s to rage  and fall t imes  of the para l le l  power t r a n s i s t o r s  should be 
minimized using this scheme (as in the case  of the DC-DC conver te r ) .  

C i r cu i t s  utilizing the cu r ren t  feedback base  dr ive  scheme were  c rea ted  for  
both the DC-DC converter  used in the P W M  approaches and the DC-AC P W M  
br idge  inver te r  s tages .  

In f igure  13 the cu r ren t  feedback dr ive  t r a n s f o r m e r s  a r e  descr ibed as T302, 
303, 304, and 305. The emit ter  cu r ren t  for  each  power t r ans i s to r  m u s t  
pass through the p r i m a r y  of the cu r ren t  t r a n s f o r m e r  which induces a base 
d r i v e  c u r r e n t  in the t rans is tor  which is proportional to the emi t te r  c u r r e n t .  

A turn-off coil  is a l so  on the cur ren t  dr ive  t r a n s f o r m e r  to  interrupt  the 
d r i v e  c u r r e n t  in the  power t rans is tor  base .  The pulse  of cur ren t  is der ived 
f r o m  a sa tura t ing  pulse t r ans fo rmer  (SR 301 and 302) which t r igge r s  a t ran-  
s i s t o r  on. 

The  t r a n s i s t o r  conduction i s  initiated by a sus ta in  d r ive  t r ans fo rmer  (T307, 
308, 309, and 310). These t r ans fo rmers  a r e  dr iven by low power c i rcu i t s  
which are designed to  eliminate the problem of shoot-through. 

Shoot-through is a condition which ex i s t s  because of the finite s torage  t ime  
of the power t r ans i s to r s  - the delay in turning off a t r ans i s to r  - s a y  Q307 
when Q308 is turning on causes a m o m e n t a r y  sho r t  c i rcu i t  a c r o s s  the high 
voltage dc bus. 

A number of different c i rcu i t  approaches w e r e  considered a s  a means of 
e l iminat ing the momentary shor t -c i rcu i t  conditions caused by the finite 
s to rage  and fall times of the power t r a n s i s t o r s ,  A fixed t ime delay c i rcu i t  
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could be  used to a l ternately delay the sus ta in  dr ive  turn-on for  each half 
cycle .  However, this c i rcu i t  is not self-compensating. Therefore ,  i ts  
de lay  t ime mus t  be made long enough to account fo r  the inc rease  in the power 
t r a n s i s t o r  s torage  and fa l l  t i m e s  caused by high junction t empera tu res ,  aging, 
and rep lacement  with inherently s lower t r ans i s to r s .  

A self-compensating circui t  utilizing e i ther  a cu r ren t  o r  a voltage sense  
c i r c u i t  would account for these changes automatically,  The load c u r r e n t  
s e n s e  c i r cu i t  would requi re  sufficient gain to operate  sat isfactor i ly  under 
"no load" conditions to insure proper  switching of the sus ta in  dr ive  c i r cu i t s ,  
Because  of the difficulties in obtaining proper  operation during "no load" 
conditions,  the voltage sense  circui t  was used in the cu r ren t  feedback base  
d r i v e  s c h e m e  to el iminate  the shor t -c i rcu i t  problem s ince  i ts  operation is 
independent of the load cur ren t .  The voltage snese  c i rcu i t  d iver t s  the base 
c u r r e n t  of the sus ta in  dr ive t rans is tor  ( s ay  Q305) that should be turned "on1' 
th rough the power t rans is tor  Q308 and blocking diode CR 307 until its 
s t o r a g e  and fal l  t ime has elapsed. During this  t ime interval ,  t r ans i s to r  Q305 
is prevented f r o m  being turned IIon" , hence preventing the turn-on of the 
power t r ans i s to r  Q307. Additional windings on the dr ive  t r ans fo rmer  provide 
a r e v e r s e  bias voltage to the base-emit ter  junctions of the sustain t r ans i s to r s  
Q305, 306, 311, and 312 to insure that they will not be turned "ont1 during this 
ryliold-offfl t ime.  

Al l  the components used in the power inver te r  a r e  specifically high speed 
types .  
clamps a c r o s s  each  power t rans is tor  a r e  sped up with the inser t ion of a 
high-speed rec t i f ie r  in s e r i e s  with them. 

- 
The blocking diodes a r e  f a s t  recovery  types.  The zene r  diode spike 

D. DC-DC CONVERTER 

T h e  s c h e m a t i c  d i ag ram of the DC-DC converter  is shown in F igu re  14. 
The  conve r t e r  is a bridge-type s y s t e m  using two paral le led power t ran-  
sistors in each leg.  Each power t r ans i s to r  i s  a 25 a m p  - 100 volt high 
s p e e d  device  in a light-weight flat-package. It is an RCA type 2N3263 
t r a n s i s t o r .  

Analys is  of the conver te r / inver te r  interface revealed that between the over-  
load and s h o r t  c i rcu i t  points of the  inverter  output VA cha rac t e r i s t i c  the 
c o n v e r t e r  need only supply a maximum of 750 watts plus l o s s e s .  Under 
s h o r t  c i r cu i t  conditions, the converter need only supply the lo s ses  t o  the 
i n v e r t e r  s tage .  F igu re  15 will help explain this phenomena. 

F i g u r e  15 is a simplified diagram showing the ma jo r  power switching and 
e n e r g y  s to rage  elements  as they a r e  connected in the. i nve r t e r .  
waveforms of the cu r ren t s  and voltages indicated on the d i a g r a m  (F igure  15) 
a r e  shown in F igu re  16 - the waveforms a r e  simplified slightly for c la r i ty .  

The 
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Under no rma l  conditions of load f r o m  no-load to  full -load the waveforms 
on F igu re  16 apply to the diagram on F igure  15. Waveform C i l lus t ra tes  
the instantaneous output power which is a l so  proport ional  to the br idge  
inver te r  input power. Ignoring l o s s e s  in the inver te r ,  the instantaneous 
input power can  be expressed  as: 

where  v1 = ( f 2 )  (V,) s in  (wt) 

= power fac tor  angle 

therefore  

also 

Po = ViIl c o s  (a) - VIIl c o s  (2 wt + a) 

j 

t 

Pin = Po (for  discussion only) 

Dividing the input power Pin by the inver te r  s tage  input voltage (V3) yields 
the inverter  input c u r r e n t  13. 
I3 has  a shape similar to  the  input power P in  and can  be expressed  a s :  

Since V3 is a constant DC voltage, the cu r ren t  

= v l ~ l  COS (ej - v l ~ l  COS ( 2  wt + a )  

The a c  component of this cur ren t  I3 is VII1 Cos (2 wt + ) and is 

v3 

supplied by the LC t r a p  of L 203 and C 203. 
the d iagram.  

This c u r r e n t  is  called I4 on 
The DC component of c u r r e n t  o r  VIIl Cos is supplied 

v 3  
by the converter  and is called I5 on the d iagram.  The t r a p  then supplies 
AC' cur ren t  to the  inver te r  and the converter  supplies DC current  which 
also sa t i s f i e s  the r e s t r i c t ion  that the conver te r  can only del iver  posit ive 
c u r r e n t  to a load. 

In the event of a n  overload o r  sho r t  c i rcu i t  condition, the output voltage 
V1 is reduced (to z e r o  in the event of a sho r t  c i rcui t ) .  

The reduction of output voltage Vi under overload conditions is controlled 
to limit the output VA to 750 maximum. Under a shor t  c i rcui t ,  the  output 
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VA is z e r o  s ince V3 is ze ro .  

When s h o r t  c i rcui ted,  the voltage V2 is equal to the product I and the 
reac tance  of L 301. 

1 
The current  I3 is then: 

I3 
= V212 c o s  E) - v212 c o s  ( 2  wt + @) ,  

v3 
Under sho r t  c i rcu i t  the power factor  angle is 90" s ince  the only load is 
L 301. 

This condition causes  the DC component of cu r ren t  to reduce to z e r o .  The 
t r a p  continues to del iver  the AC c u r r e n t  as before .  
small DC cu r ren t  would exis t  because i t  mus t  replace the l o s s e s  caused by 
the flowing of the AC load cur ren t  in the t r a p  and output f i l t e r  and the 
switching l o s s e s .  

In ac tua l  pract ice ,  a 

With the above considerations,  the maximum curren t  that  the DC-DC con- 
v e r t e r  t r ans i s to r s  a r e  required to switch can be determined.  

The wors t  ca se  operating conditions would be when the inver te r  is required 
to  del iver  a maximum overload of unity power fac tor  when running f r o m  a 
low voltage bus .  Under these  conditions, the DC-DC converter  t r ans fo rmer  
would be producing square  waves of about . 9 5  percent  "ont'  t ime.  
c u r r e n t  del ivered by this converter is: 

The 

where  

Po = 750 watts 

v3 = 200 volts 

n = . 9  (efficiency fac tor )  

therefore  

The turns  ratio of the t r ans fo rmer  is. about 1O:l which causes  the t r ans i s to r  
c u r r e n t  to  be about 41.7 a m p  maximum. A s m a l l  factor  about 0 .1  can be 
added  to  this  cu r ren t  for t ransformer  magnetizing c u r r e n t  and efficiency 
considerat ions.  This  brings the t r ans i s to r  cu r ren t  to 45, 8 amps  which 
can be readi ly  handled by two twenty-five a m p  t r a n s i s t o r s  connected in 
parallel as shown in F igure  14. 



The power t r a n s i s t o r s  in the converter a r e  dr iven  by a posit ive c u r r e n t  
feedback scheme which l imi t s  dr ive losses considerably a s  compared to 
a voltage dr ive  sys tem.  Also, in the event of a ve ry  low input voltage, the 
base -d r ive  cu r ren t  path is opened by means  of a t r ans i s to r  which is normally 
tu rned  on, this technique i s  required to  prevent latch-up of the t r a n s i s t o r s  
in the event insufficient turn-off c u r r e n t  is avai lable  due to low input voltage, 

The s a m e  technique to prevent  momentary sho r t  c i rcu i t s  during turnoff of 
t he  t r ans i s to r s  used in the P W M  inver te r  s tage  is used in the conver te r .  
T h e  power t r a n s f o r m e r  for  the conver te r  is a special ly  designed type 
uti l izing a f e r r i t e  cup-core.  The combination of the f e r r i t e  co re  and the 
u s e  of a very  high operating frequency (20  KC) pe rmi t s  the converter  to 
o p e r a t e  quite efficiently and silently.  
c e r t a i n  because t r ans fo rmer  vibrations would be above the audible r ange .  

The quietness  of operation is 

The capaci tors  used in the f i l t e rs  of the conver te r  (and inve r t e r )  a r e  of the 
high efficiency Polycarbonate type. The high efficiency of these capaci tors  
is a l so  complimented by their  re la t ively low weight when compared to 
ident ical  value capaci tors  having a paper d ie lec t r ic .  

S e p a r a t e  balancing r eac to r s  a r e  used fo r  s teady-state  load cu r ren t  shar ing .  
The balancing r eac to r  function can be included as pa r t  of the cu r ren t  feed- 
back t r a n s f o r m e r s  with a possible weight sav ings ,  

E .  LOGIC AND DRIVE POWER SUPPLY 

The purpose of the power supply is to generate  b ias  voltages for  the logic 
d r i v e  functions of the inverter  and the isolated voltages requi red  by the 
s u s t a i n  d r ive  t r ans i s to r s  in both the converter  and inve r t e r .  The bias  
vol tages  generated by the power supply a r e  regulated by a near ly  l o s s l e s s  
method of phase shifting two square  inver te rs  and summing the secondary 
coils of the output t r ans fo rmers .  

The block d iagram of the power supply is shown in F igu re  17. 
cycle unijunction osci l la tor  generates  pulses which t r igger  a flip-flop 
called the m a s t e r .  
wh ich  d r i v e  a squa re  wave power inverter  and a gating network. 
flip-flop, called the slave,  also dr ives  a power inve r t e r .  This flip-flop 
i s  dr iven  by an adjustable delay circui t .  

A ten kilo- 

The flip-flop develops five kilocycle squa re  waves 
A second 

The adjustable delay c i rcu i t  is a gated unijunction pulse  genera tor .  
pulse delay is inversely proportional to  the control input cur ren t .  The 
s l a v e  flip-flop is connected to the second squa re  wave power inver te r  in 
a m a n n e r  which causes  the two s q u a r e  wave power inve r t e r s  to become 
m m r e  out of phase as the control input i n c r e a s e s ,  

The 

23 



The control and re ference  circui t  is a two input c i rcu i t .  
is a cu r ren t  genera tor  that  produces a charging cu r ren t  for  the t iming 
capacitor in the delay circui t .  
the inver te r  supply voltage which f o r m s  the f i r s t  control loop. 
the supply voltage is the la rger  the  charging c u r r e n t  gets .  
charging c u r r e n t  causes  the delay c i rcu i t  to  produce shor t e r  de lays .  

The bas i c  c i r cu i t  

The charging c u r r e n t  is proportional to 

The l a r g e r  
The higher 

A secondary control loop i s  an auxi l iary input to  the cu r ren t  genera tor .  
The auxi l iary input causes  the generator  to generate  m o r e  c u r r e n t  as the 
output voltage of the power supply exceeds a zener  diode r e fe rence .  
secondary loop is of low gain and therefore  high stabil i ty.  
is sa t i s fac tory  because this loop is requi red  only for  t r imming the power 
supply output voltage.  

This  
The low gain 

The schemat ics  for  the power supply a r e  shown in F igure  18 and 19 and 
the pa r t s  lists is in Table 6 .  The schemat ic  d i ag ram shows a s e t  of 
c r o s s  coupling diodes (CR 606, 607, and CR 614, 615). These diodes 
are used t o  e l iminate  the shoot-through problem caused by s torage  t i m e  
in  the power t r a n s i s t o r s .  

24 
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TABLE 1 
PARTS LIST - INVERTER CONTROL SYSTEM 

Item Circui t  
NO. Descr ipt ion Designation Quan. 

1. 

2 .  

3. 

4. 

5. 

6 .  

7. 

8. 

9 .  

10. 

11.  

12. 

13. 

2N2222 t r ans i s to r  by 
Motorola N P N  Silicon 

2N2904 t r ans i s to r  by 
Motorola P N P  Silicon 

2N491 B Unijunction 
t r ans i s to r  by G. E. 

MC206F Dual nand gate 
by Motorola 

MC209F Flip-Flop by 
Motorola 

MC15 30F Ope rational 
Amplifier by Motorola . 
1 N9 14B Silicon diode 

1N748A Silicon zener  
diode 

1N751A Silicon zener  diode 

DOT-25 t r ans fo rmer  by 
UTC 

DOT- 2 1 t r ans fo rmer  by 
U T C  

DOT- 19 t r ans fo rmer  by 
U TC 

Series 535 - 1. 0 watt, 
400 cycle t r ans fo rmer  by 
Arnold Magnetics Co. 

38 

QlOl,  102, 103, 104, 12 
105, 106, 107, 108, 
109, 110, 113, 114. 

(2112, 116, 117 3 

Q111, 115 2 

1c101, 102, 111, 112 4 

1C103, 105 2 

1C104, 106, 107, 108, 6 
109, 110 

CR 101 th ru  138 38 

2102, 105, 106, 107, 5 
108. 

2101, 103, 104, 109 4 

T101, 102 2 

T106 1 

T 103 1 

T 105 1 



TABLE 1 
PARTS LIST - INVERTER CONTROL SYSTEM (cont'd. ) 

I tem Circui t  
NO. Des  c r  ipt ion Des i m a t i o n  Quan. 

ial 
i? 

i 43 14. Se r i e s  535 - 1. 0 watt T 104 1 
400 cycle t r ans fo rmer  by 
Arnold Magnetics Co. I 

Part No. 535-767. 
i 
1 

15. C u r r e n t  t r a n s f o r m e r  T 107 1 
I TRW P a r t  No. 306222 

16. R e s i s t o r  - 4.7K - 1 / 4  
watt  - 5% 

R101, 102, 105, 106, 10 
159, 160, 161, 163, 
165, 167 

17. 

18. 

R e s i s t o r  - 1. OK - 1/4  
watt  - 570 

R113, 169, 170, 171, 6 
172, 115. 

R e s i s t o r  - 1.5K - 1/4 
watt  - 570 

R103, 104, 107, 108, 8 
162, 164, 166, 168. 

19. R e s i s t o r  - 1. 2K - 1 / 4  
watt  - 570 

~ 1 0 9 ,  110, 111, 112 4 

2 0. Res i s to r  - 2.7K - 1 / 2  
watt - 5% 

R117 1 

Res i s to r  2.  OK - 1 / 2  
W a t t  5% 
R e s i s t o r  1. OK - 1 / 2  
watt - 1% 

21. 

2 2. 

R118, 144 2 

R116, 114, 121, 123, 7 
124, 142, 143. 

2 3. 

24. 

Res i s to r  - 220 ohm 
112 W '  5% 

7 R119, 120, 125, 134, 
135, 141, 146. 

Res i s to r  - 470 ohm 
1 / 2 W  - 5% 

R122, 173, 174, 175, 8 
130, 137, 139. 

R126, 127, 129, 152, 11 
153, 155, 151, 148, 149, 
156, 158. 

2 5. Resistor - 10K- 1/2w 
1% 

39 



TABLE I 
PARTS LIST - INVERTER CONTROL SYSTEM (cont 'd . )  

Item Circuit  
No. Descr ipt ion Des ignat ion Quan. 

26. 

27.  

28. 

29.  

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38 .  

Res i s to r  3.3K - 1 / 2  w-  1% 

Res i s to r  4.7K - 1 / 2 w -  170 

Res i s to r  - 2.74K-1/2w-170 

Res i s to r  - 5.48K-1/2w-17'0 

Res i s to r  - 50K- 1 /4w - 570 
Res i s to r  - 47 ohm-l /2w 
5% 

Res i s to r  - .6.8K - 1 / 2 w  170 

Res i s to r  1OK - 1 /2w - 5% 

Capaci tor  - 0 . 5  microfarad  
50 volt polycarbonate film 
type. 

Capacitor-0.  1 microfarad  
50 volt. polycarbonate film 
type - 
Capacitor-.  0 1 microfarad  
100 volts g lass  laminate 
type. 

Capacitor-0.  02 microfarad  
50 volt polycarbonate film 
type - 
Capaci tor  - 5 microfarad  
15 volt e lectrolyt ic  

.capacitor (tantalum) 

R150, 154 

R128, 157 

R132 

R136 

R 131, 133 

R147, 138 

R140 

R145 

C101, 102, 103, 104 

C 110 through 115 

C108, 109 

2 

2 

1 

1 

2 

2 

1 

1 

4 

6 

2 

C107 

C105 

40 



TABLE 1 

PARTS LIST - INVERTER CONTROL SYSTEM (cont 'd)  

I tem C ir cuit 
No. Des c r  ipt ion Designation Quan. 

39 .  Capacitor - 0. 3 3  microfarad  C 106 
50 volt  polycarbonate film 
type 

40. Band Pass Filter-UTC 
NO. M N F - 0 . 4  

41. Choke, Pu l se  Engineering Inc. LlOl 
P . N .  TH-500 

41 

1 

1 

1 



TABLE 2 
PARTS LIST - SYNCHRONIZING CIRCUIT 

I tem C ir cuit 
No. Descr ipt ion Des ignat ion Quan 

1. MC206F dual  nand gate by 1C 401, 415 
Motorola 

2. MC202F three input nand 1C 406 
gate by Motorola 

2 

1 

3. MC208F dual nand gate by 1C 410, 411, 412, 413, 5 
Motor ola  414. 

4. MC209F flip-flop by 1C 402, 403, 404, 405, 7 
Motorola 407, 408, 409. 

5. 2N2222 Silicon t rans is tor  Q401, 402, 404, 405, 406 5 

6 .  2N491 B Unijunction t rans is tor  Q403 

7. 1N914B Silicon diode CR 401 through 414 14 

8 .  Resis tor -4 .7K- l /4w - 5% R401, 402, 415, 416, 421 5 

9.  Resis tor -1 .  2K-l /4w - 5% R405, 406, 407, 408 4 

10. Res is tor -1 .5K- l /4w - 570 R403, 404, 413, 414, 410 5 

11. R e s i s t o r - l . O K - 1 / 4 ~  - 5vo R417, 418, 419, 420 4 

12. Resis tor-750 -1/4w - 570 R 409 1 

13. Res is tor -62  1/4w 5% R 412 1 

14. Resis tor-18K - 1/2w - 1% R 411 1 

15. Capaci tor  - 0. 5 mic ro fa rad  . C401, 402, 403, 404 4 

50 volts-polycarbonate film 
type 

16. Capacitor-0.02 mic ro fa rad  C405 
50 volts-polycarbonate film type 

42 

1 



TABLE 2 
PARTS LIST - SYNCHRONIZING CIRCUIT (cont 'd.  ) 

I tem Circui t  
No. Description Designation Quan. 

17. DOT-25 t r ans fo rmer  by T401, 402 
UTC 

18. Choke, Pu l se  Engineering Inc. L401 
P . N .  TH-500 

43 

2 

1 



TABLE 3 
PARTS LIST - DC-DC CONVERTER CONTROL 

Item Circui t  
Quan. ----- Description Designation ---- No. - 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8 .  

9. 

10. 

11. 

12. 

13. 

MC208F dual nand gate 1C502, 503 
by Motorola 

MC209F flip-flop by 
Mot0 rola  

2N2222 Silicon 
t r a n s  is t o r  

2N49 1B Unijunction 
t r a n s i s t o r  

2N2904 Silicon 
t r a n s i s t o r  

2N3409 dual silicon 
t r a n s  is t o r  

1N914B sil icon diode 

1N751 zene r  diode 

R e s i s t o r  - 4.7K - 
1 / 4  watt 5% 

R e s i s t o r  - 1.5K 
1f2w 5% 

R e s i s t o r  - 1.5K 
1/4w 5% 

R e s i s t o r  - 3.3K 
112w 1% 

R e s i s t o r  - 470 ohm 
112w 5% 

44 

1C501, 504 

Q502, 505, 507 

(3501, 504 

Q503 

Q5 06 

CR501 through 
514 

2501 

R504, 519, 520, 
523, 524, 512, 
513. 

R5 15 

R506, 521, 522, 
525, 526 

R501, 508, 516 

R502, 509 

2 

2 

3 

2 

1 

1 

14 

1 

7 

1 

5 

3 

2 



TABLE 3 
PARTS LIST - DC-DC CONVERTER CONTROL (cont’d.) 

Item Circui t  
Quan. - No. Desc&tion - Designation - 

14. R e s i s t o r  - 6 2  ohm R503, 507 2 
1/2w 5% 

15. R e s i s t o r  - 10K R505, 510 2 
1/2w 5% 

16. R e s i s t o r  - 1K R511 1 

17. R e s i s t o r  - 270 R516, 517 2 
1/2W 570 

18. R e s i s t o r  - 18K R5 14 
1/2w 1% 

19- R e s i s t o r  - 100 ohm R5 18 
1/2w 570 

1 

1 

20. Capac i tor  - . 01  C501, 502 2 
mic ro fa rad -  50 volts 
polycarbonate film type 

21. Capac i tor  - . 002  C504 
mic ro fa rad -  50 volts 
polycarbonate film type 

22. Capac i tor  - 1 micro-  C503 
fa rad-30  volt tantalum 

45 

1 

1 



TABLE 4 
PARTS LIST - PWM OUTPUT STAGE - 

Power Rating - 500 VA Nominal 
750 VA Overload 
11.8 a m p  shor t  c i rcui t  

Circuit Ne t  Wt .  i 

No. Descr ipt ion De s i na t io n 8 %  
lb . 

Item 
Q uan. 

1. 

2. 

3. 

4. 

5. 

6 .  

7 .  

8 .  

9. 

12 2N2222 t rans is tor  
Motorola 

Q301, 302, 305, 306, 
311, 310, 315, 316, 317, 318, 
319, 320. 

4 2N 35 0 6 t r a n s  is tor  
Motorola 

MHT 8822 T r a n s i s t o r  Q307, 308, 309, 310. 
Solitron - 20 amp,  
325 volt. 

Q303, 304, 313, 314. 

4 

4 379 D fast recovery  
200 P I V  - 12 a m p  
rec t i f i e r s  by  W e  s tinghous e .  

379 H fast recovery  400 PIV- 
12 a m p  rec t i f i e r s  by 317. 

Westinghouse . 

CR309, 313, 314, 319. 

4 CR310, 311, 316, 

8 UTR-31, 1 amp, 300 P I V  
fast r ecove ry  diode by 

CR340, 312, 315, 318, 
307, 308, 331, 331. 

Unit r od e. 

8 IN3007B zeners ,  llOV-1OW 
Motorola  305, 306, 307, 308. 

2301, 302, 303, 304, 

IN914 diode CR301, 302, 303, 305, 321, 
322, 323, 325. 

8 

UTR-01, 1 amp-50 PIV 
fast recove ry  diode by 
Unit r od e. 

CR304,306, 320,324, 326, 
327,328, 329, 332, 333, 334, 
335,336, 337, 338, 339; 

46 

.0125 

. 0 9 4  

,300  

.032 

,032  

.004  

0.165 

, 0 0 4  

.006 



TABLE 4 
PARTS LIST - P W M  OUTPUT STAGE - (continued) 

I tem Circuit  Net Wt. 
N o ,  Description De s ignat ion Quan, lb. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

Current  feedback dr ive 
t rans  f o r m  e r, TR W 30 6 2 0 3, 

Voltage dr ive  t r ans fo rmer  T307, 308, 309, 310. 
TRW 306200. 

Sustain t r ans i s to r  dr ive  T301, T306. 
t r a n s f o r m e r ,  TRW 306201. 

T302, 303, 304, 305. 

Pu l se  t r ans  for mer 
TR W 306 20 2. 

Output choke 
1.0 mhy 
Iss = 4 .35  a m p s  
I overload = 6 . 5 4  amps  
Is ckt. = 11.8 a m p s  
TRW 305 743. 

Output F i l t e r  capacitor 
3 ufd - 300 VDC 
polycarbonate.  

R e s i s t o r s  

compos itions type. 
n o n ,  i i zw  570 

R e s i s t o r s  

compos itions type. 
4 7 n ,  1/2w 5% 

R e s i s t o r s  
4 7 0 n ,  1 / 2 W  570 
compos i t ions type 

R e s i s t o r s  
470n, 1W 
compos it ions type.  

SR301, 302.  

L3 01 

C3 01 

R301, 305, 312, 305 

R302, 306, 311, 316. 

R307, 308, 309, 310. 

R303, 313. 

47 

4 

4 

2 

2 

1 

1 

4 

2 

.400 

.288 

.144 

. 0 8  

1. 70  

.15 

. 014 

.006  



TABLE 4 
PARTS LIST - PWM OUTPUT STAGE - (continued) 

I t em Circuit  Net W t .  
No. Descript ion D e s  ianat ion Quan. lb . 

20. 

2 1. 

22. 

23. 

2 4. 

Res i s to r  R304, 314. 
15 ohm - 5 watt 
noninductive 
Sprague 453t 1505 

Res i s to r  
10 ohm - 3 watt 
noninductive 
Sprague 451E 1005 

R e s i s t o r  
2 2  ohm - 1 watt 
composition 

R e s  is t o r  
1 ohm - 3 watt 
noninductive 

R317, 318, 319, 320. 

2 . 010 

4 . 015 

R321, 324, 327, 333. 4 .012 

R322, 325, 328, 331. 4 ,015 

R e s i s t o r  R323, 326, 329, 332. 4 .004 
390 ohm - 1/2 watt 
composition 

48 



Item 
NO. 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8.  

9. 

10. 

11. 

TABLE 5 

PARTS LIST - DC-DC CONVERTER 

Power  Rating - 555 VA Nominal 

28*4 Volts Input, 200 Volts Output 
833 VA Overload 

Descr ipt ion --- 
Circui t  
Designation 

2N2222 T r a n s i s t o r  by Q201, 202, 203, 207, 
Motorola 224, 226, 227, 228 

2N3506 T r a n s i s t o r  by Q205, 206, 221, 222 
Motorola 

FT-34A T r a n s i s t o r  by Q204, 208, 223, 225 
Fairc hild 

2N3230 Darlington Trans-  Q211, 214, 217, 220 
i s t o r  by  RCA 

2N3263 Power  Trans i s to r  Q204, 210, 212, 213 
by RCA 215, 216, 218, 219 

IN9 14B Silicon Diodes CR201, 203, 204, 209 
256, 258, 259, 260 
DB201, 202, 203, 204 

UTR-01, 1 amp,  50 volt, CR202, 210, 255, 257 
f a s t  r ecove ry  diode by 
Unitrode. 

UTR-12, 2 amp,  100 volt CR205, 208, 251, 254, 
fast r ecove ry  diode by 214, 218, 225, 227, 
Unit rode. 234, 238, 243, 247 

Quan. 

8 

- 

4 

4 

4 

8 

24 

4 

12 

UTR 3305, 3 amp-50 volt CR211, 212, 213, 215, 
fast r ecove ry  diode b y  216, 217, 220, 221, 222 
Unitrode. 224, 225, 226, 236, 237, 

238, 239, 240, 241, 244 
245, 246, 248, 249, 250 

IN66 1 Silicon diode CR206, 207, 252, 253 4 

IN2835 Z e n e r  diode 2201, 202, 203, 204, 205, 8 
206, 207, 208 

49 

Net W t .  
lb. 

0.009 

0.010 

0.055 

0.018 

0.080 - 

0.012 

0.002 

0.006 

0.036 

0.002 

0.325 



Item 
No. -- 

12. 

13. 

14 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

TABLE 5 

PARTS LIST - DG-DC CONVERTER (Con't) 

Net Wt. 
DescriDtion lb. -- Circui t  Designation Quan. ---- -- 

Sustain T r a n s i s t o r  Drive T 201, 207 
T r a n s f o r m e r  TRW P a r t  
No. 306223 

Drive Xfmr. TRW 306224 T202, 203, 205, 206 

Balancing Reac to r s -  2- 25 BR204 202, 203, 204 
a m p  coi ls  TRW 306225 

Power  Output Transformer  T204 
TRW 305755 

DC Choke, 210 microhenry,  L202 
2.7 a m p s  TRW 305741 

800 cycle t r a p  choke 2.7 L203 
mhy, 2.7 amps  
30574 2 

DC input choke 
henry  - 26 a m p  
305753 

TRW 

10 m i c r o -  L 201 
TRW 

DC output capac i to r  30 C202 
microfarad-300 volts 
( 10- 3 mic ro fa rad -  300 volt 
polycarbonate - Sprague 26 Op 
types) 

800 cycle t r a p  capac i to r  C203 
15 microfarad-300 volts 
(5-3 mic ro fa rad  polycar- 
bonate-Sprague 260P types) 

Input Capaci tor-12 micro-  C20 l  
farad-200 volt (3-4 micro-  
farad-  200 volt polycarbonate 
Sprague 260 P types) 

50  

2 0.375 

4 1.000 

4 0.400 

1 1.000 

1 0.700 

1 .500  

1 . 250 

1 1.070 

1 0.535 

1 0. 215 I 

~ 



Item 
No. - 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

TABLE 5 

PARTS LIST - DC-DC CONVERTER (Con’t) 

De sc rilstion 
Circui t  
Designation 

Net Wt ,  
lb. 

_I_- 

Quan . 
Shunt capac i tors - .  001 C204, 205, 206, 207 4 0 .080  
microfarad-  200 volt 
(Sprague 238P poly- 
carbonate types)  

Saturating Pu l se  T r a n s -  SR 201, 202 
f o r m e r  TRW lib. 306202 

Resis tor-5W- 1% non- R203, 233 
inductive 7. 5 ohm 

2 . 080  

2 . O l O  

Resistor-3W- 1% Non- R204, 210, 214, 215 8 .030 
inductive 10 ohm 219, 220, 224, 225 

Resistor, 270 ohm, 1/2W R201, 205, 232, 236 8 . O l O  
5% composition type 

Resis tor-47 ohm- 1 / 2W 
5% composition type 

Resis tor-470 ohm- 1 W  
57“ composition type 

Resis tor-100 ohm - 
112W - 5% composition 
type 

207, 208, 229, 230 

R202, 206, 231, 235 4 .005 
211, 216, 221, 226 

R204, R234 2 .006 

R213, 218, 223, 228 8 0.010 
R212, 217, 222, 228 - 

6.831 

51 
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h 
TABLE 6 tB* 

! PARTS LIST - LOGIC AND DRIVE POWER SUPPLY 

z \ C ir cuit Description Quan . 

M C  209 F Flip-Flop by 

. 
\ 
i 

2 
lC601,  602 

f 

i 

4 
a 

Item 
NO. 

1. 

2 .  

3.  

4. 

5. 

6 .  

7. 

8 .  

9. 

- 10. 

I I .  

12. 

13. 

14. 

15. 

16 - 
17 - 

Motorola 

MC 208F Dual Nand Ga te  
1C 603, 604 

by MDtorola 

2N2222 Silicon Trans is tor  

2N2904 Silicon Trans is tor  

2N3605 Silicon Trans is tor  

2 ~ 4 9 1 ~  Silicon Un ijun ctio n 
T r a n s  istor 

2N3230 Silicon Trans i s to r  

power  Trans  for m e r  
TRW P . N .  306243 

914B Silicon Diode 

IN 645 Silicon Diode 

UTR-12 , 2 amp-100 volt 
Silicon Diode 

IN 964B Zener Diode 

746 Zener Diode 

75lA Zener  Diode 

748 Zener Diode 

753 Zener Diode 

CR 601 t h r u  618, 673 

CR 623 th ru  672 

CR 619 th ru  622 

z 601 

z 602 

z 603 

z 604 

z 605, 606 

2 

4 

2 

2 

2 

4 

2 -  

19 

50 

4 

1 

1 

1 

1 

2 

a 
B 

’r 

52 
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TABLE 6 
PARTS LIST - LOGIC AND DRIVE POWER SUPPLY (Con't)  

Item 
No. - 

C ir cuit 
Designation Quan. Description 

18. Res i s to r ,  1/4W, 5y0, 1. 5K R602, 612, 615, 618, 
Composition Type 621, 625 

6 

19. Res i s to r ,  1/4W, 570, 10K R603, 604 
Composition Type 

2 

Res is tor , l /2W,  5y0, 240ohm R605 
Composition Type 

20. 

6 

1 

1 

2 

1 

1 

1 

2 

1 

4 

4 

2 1. Res i s to r ,  1/2W, 570, 47 ohm R606, 608, 613, 614, 
Composition Type 619, 620 

Res i s to r  1/4W, 570,120 ohm R622 
Composition Type 

2 2 .  

Res i s to r ,  1/4W, 570, 3. 3K R626 
Composition Type 

23. 

Res i s to r ,  1/4W, 570, 2 .  7K 
Composition Type 

R627, 6 2 8  24. 

2 5. Res i s to r ,  1/4W, 570, 3. 9K R629 
Compos i t i  m Type 

Res i s to r ,  1/4W, 570, 6 .  2K R630 
Compos it ion Type 

26. 

ResistDr,  lW, Wire Wound, R632 
1%, 10 ohm 

27. 

Res i s to r ,  lW, Wire Wound, R633, 634 
170, 35 ohm 

28 .  

29. 
I 

30 .  

Res i s to r ,  l W ,  W i r e  Wound, R635 
1%, 27 ohm 

Res i s to r ,  l W ,  Wire Wound, R636, 637, 638, 639 
I%, 270 ohm 

Res i s to r ,  l W ,  W i r e  Wound, R640, 641, 642, 643 
I%, 120 o h m  

31. 
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Item 
No. 

32 .  

33. 

34. 

35.  

36. 

TABLE 6 
PARTS LIST - LOGIC AND DRIVE POWER S U P P L Y  (Con' t )  

Description 
Circui t  
Des  ignat ion 

Capacitor,  . 01 mfd- 200 volt C601, 602 
G E  74F01B-103 (polycarbmate) 

Quan. - 
2 

Capacitor,  6 .  8 mfd-35 volt C603, 604, 605, 610, 11 
Sprague 150D 611, 612, 613, 614, 615, 

616, 617 

Capacitor,  22mfd, 15 volt C606, 607 , 608, 609 4 
Sprague 150D 

Choke, 1 .8  amp, 10 mic rohenry  L601 
ACDC Inc. No. RFC-L-10 

Choke, 1 .  3 millihenry L602 
MCE, Inc. No. OA25FL-21 
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IV. PACKAGE DESIGN 

A .  SUMMARY 

T h e  Stat ic  Inverter  mechanical  design is d i rec ted  a t  a f inished product that  
is  at once - producible, re l iable  and functional. 
t ance  with reliaoil i ty is the aspect  of producibility. 
demons t r a t ed  that fabrication ease  l eads  mos t  d i rec t ly  t o  re l iable  per formance .  

Sharing paramount  impor -  
It has  been c lear ly  

T h e  select ion of methods of fabrication and the tooling r equ i r ed  a r e  the ma jo r  
f a c t o r s  i n  the end-product reliabil i ty for ,  a s  in  the c a s e  of methods of i n t e r -  
connection, it is the reproducibility and inherent  re l iabi l i ty  of these ve ry  
techniques that dictate end -pr oduct perf ormance  . 

T h e  functional nature  of the finished unit can a l so  be enhanced by i t s  
niec hanical de sign. 
des ign  and  s t ruc tu ra l  integrity have been emphasized in  the Inver te r  a r r a n g e -  
ment. This a r rangemen t  has attempted, where possible ,  to dually in te rpre t  
functionalization by logically dividing the assembly  into tes table  subassembl ies  
amenab le  to  maintenance. 

Pr ope r envir onment a 1 p r  ot e c t i on, adequate the rma l  

Although the above a t t r ibu tes  have never  been t raded  off against  weight o r  
vo lume,  it has  been possible  through the use of efficient t h ree  dimensional 
packaging techniques to  a r r a n g e  s tandard components in  an efficient overa l l  
package  design. An integrated,  functional design has  been proposed rather  
than one of minimum weight, o r  volume, achieved a t  the expense of s t ruc ture ,  
p ro tec t ion  and per formance ,  environmental  o r  t h e r m a l  margins .  

B- GENERAL DESCRIPTION 

T h e  Sta t ic  Inver te r  is a separable  a s sembly  made  up of five ( 5 )  ma jo r  sub- 
assemblies: ( s e e  F i g u r e s  20,  21, and 22)  

1. P W M  Unit 
2. DC-DC Conversion Unit 
3. Control  Elec t ronics  Unit 
4. Unit Interconnection Module 
5. Connector Interface Adapter Module 

Tbe t h r e e  (3 )  units a r e  s tacked ver t ical ly  and bolted together to  fo rm a solid 
a s s e m b l y .  
interconnection module at t h e  r e a r .  
P W M )  carries captive mounting hardware  for  installation of the final assembly  

They a re  then electr ical ly  connected through the at tachment  of the 
The lowermost  unit i n  the s tack  (the 
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The bottom sur face  of the PWM unit is for  the m o s t  p a r t  a solid 
a luminum heatsink with anoidze finish. 
and component mounting cavi t ies  a r e  potted with solid polyurethane 
(E-1528) applied to a pr imed aluminum wall  to  prevent  moi s tu re  
penetration. Because fac tory  r epa i r  is r equ i r ed  to remove  this  
compound, its use has  been r e s t r i c t ed  to those non-0-Ring p ro -  
tected areas.  

The a r e a s  of wiring channels 

Shock & Vibration Environments  : Shock and vibrat ion environments  
a r e  eas i ly  m e t  without vibration i so l a to r s  by the solid d r i l l  block 
cordwood construction with the possible  exception of the EM1 cover .  
To  reduce  weight, this  optional fea ture  is  necessa r i ly  thin and m a y  
r e q u i r e  foam vibration dampers  if high frequency resonance  develops 
in  qualification. The removable  modules in  the Control Unit have 
been angled to include t h e  d a m p e r s ,  i f  necessa ry ,  a s  well  a s  to reduce 
module weight. It should again be pointed out that  exposed potting 
on these  modules is also ha rd  urethane foam and the EM1 cover  is  
not r equ i r ed  fo r  mois ture  pr  ote ction. 

3.  EMI: EMI-mechanical considerations have been included in  the design. 
E a c h  separable  module has  been provided with a pin wired to the 
metal module f r a m e .  In the Elec t ronic  Control Unit, the intercon-  
nect ion frame of this unit h a s  a te rmina l  which is e lec t r ica l ly  bonded 
t o  the  me ta l  f r a m e ,  and displayed a t  t h e  rear  of t h e  f r a m e  a s  a unit 
interconnection pin, It is possible  then to tie all  m e t a l  f r a m e s  to a 
common,  e l ec t r i ca l  re fe rence ,  and through the bond point on the 
f ront  of the inver te r ,  t o  tie i t  in  tu rn  to  the spacecraf t .  These  a r e  
all options which m a y  be included i f  testing of prototypes indicates  
t he i r  necessi ty .  

EM1 f i l t e r s  of t h e  bulkhead type a re  provided at  t h e  input-output 
section of the PWM Unit f rame.  A "clean" a r e a  is maintained a t  t h e  
input-output pin a r e a  by allowing this  bulkhead to extend to  the plane 
of the  coldplate and by providing a cover  over the connector back. 

An optional EM1 cover  is avai lable  for  the Elec t ronic  Control Unit. 
A l l  synchronization signals a r e  handled by sepa ra t e  R F  connectors  
d i r ec t ly  accessing the control module, and not internal-routed 
through the var ious  other s tages .  

D .  THERMAL DESIGN 

1. Specifications Assumed:  T h e r m a l  design of the Stat ic  Inver te r  is 
based exclusively on conductive cooling through t h e  use of p r e s s u r e  
contact with a spacecraft-provided-coldplate.  The coldplate mating 
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3.. 

4. 

sur face  a t  the interface with the Static Inver te r  is assumed to have 
a minimum the rma l  conductivity of 100 B T U / h r / f t 2 / " F  to the cold- 
plate  coolant. 
Because the maximum operating ambient  i s  specified a t  160°F ,  i t  is 
recommended that the E M 1  cover be gold i r id i te  finished to provide 
low emissivi ty  thus minimizing the load placed on the coldplates due 
t o  ambient  t empera tu re  r i s e .  

The maximum coolant t empera tu re  is 135°F. 

T h e r m a l  Senso r s :  The Thermal  Senso r s  a r e  recommended to be 
bonded in the P W M  Unit and DC-DC Converter  Unit ( s e e  F igure  25 
for  location).  These a r e  hand-wired t o  the interface input-output 
connector and a r e  available e i ther  a s  a t e s t  point or  cable wiring 
to  te lemet ry .  

Internal  Heat T r a n s f e r :  
duction through t h e  unit f r ames .  
mounted ei ther  by bolting with insulation washe r s  direct ly  to the 
anodized unit f r a m e s  or  by being staked in place with R T V  s i las t ic  
potting compound. 
s taked to the level of their mounting cavity to provide conduction to 
the unit f r a m e  walls from a l l  sur faces  of the component. 
percent  of the heat dissipation occurs  in the P W M  Uni t  f r a m e  which 
is the base  of the finished inve r t e r  assembly .  
d i rec t ly  mounted to the coldplate with ten (10)  number 1 /4-28  U N F  
bolts.  Thei r  spacing i s  approximately eve ry  three  inches along 
each  edge of the assembly. The bolt rows  a r e  about four inches 
a p a r t .  The s ize  of the bolts and the i r  frequency permi t  torque and 
f o r c e  values  to guarantee minimum the rma l  res i s tance  a c r o s s  t h e  
P W M  inver te r  to coldplate interface forming a t r u e  p r e s s u r e  joint. 
The  bottom finish of the inver te r  is maintained a t  l e s s  than 32 mic ro  
inches  RMS wi th  the runout being held to l e s s  than ten-thousandths 
of an  inch over the entire sur face .  It i s  recommended that silicone 
g r e a s e  be applied a t  installation of the inver te r  to fur ther  optimize 
the heat t r ans fe r .  

Internal  heat t r a n s f e r  is dependent on con- 
,411 high dissipation components a r e  

Bolt o r  Stud-mounted-components a r e  subsequently 

Over ninety 

This  P W M  Unit i s  

Heat  F l u x :  
s q u a r e  inches.  
a r e a  is negligible, the heat flux of 150 watts appea r s  over an a r e a  
of seventy-five square  inches. 
se rva t ive  two wat t s / square  inch ( s e e  Table 7 ;  

2 t ions  yield only 2. 3 wat ts / in  ). 
figuration, two-hundred and for ty  squa re  inches of coldplate a r e  
uti l ized with two-hundred and twenty-five being actually involved in 
heat  t r a n s f e r  to a significant degree ,  

The mating sur face  of the Static Inverter  is eighty 
Because the the rma l  t r ans fe r  ability of the plug 

This  yields a flux density of con- 

In the three-s ta t ic  inver te r  con- 

I 
wors t -case  d iss ipa-  
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In the prototype phase of the Stat ic  Inver te r ,  development of a n  
ins t rumented  t h e r m a l  model of t h e  PWM Unit will be built t o  
accu ra t e ly  plot t h e  thermal  prof i le  a c r o s s  this  sur face .  
f r o m  p re l imina ry  analysis that  no flux dens i t ies  g r e a t e r  than th ree  
wa t t s / squa re  inch will be experienced. 

It is  felt 

5. Sub-Modules: Table 7 lists allowable junction t empera tu res  fo r  
major dissipat ing components. 
s inks  with m e t a l  conductive paths to the coldplate. A l l  but four 
wat t s  of these  m a j o r  heat dissipating components a r e  in  t h e  unit 
d i r ec t ly  in contact with the coldplate. 
Units, with higher allowable junction t empera tu res ,  a r e  epoxy- 
bonded to a removable  heatsink subassembly allowing the use of the 
f la t  package ve r s ion  of these uni ts .Figure 2 4  shows some  of the 
detail of this  sub-module. Since t h i s  module is  s c r e w  mounted with 
a sil icone g r e a s e d  interface a t  the unit f r a m e ,  it is felt  that  no 
t h e r m a l  hot spot wil l  result .  A l l  unit f r a m e s  a r e  a l so  g r e a s e d  a t  
t he i r  me ta l  in te r faces  during final a s sembly  of t h e  Static Inver te r .  
The  application will  be controlled by specification to  be thin l aye r  
wiped on application of optimum thickness  to avoid t h e r m a l  res is-  
tance due to  e x c e s s  use of g r e a s e .  

A l l  of these p a r t s  have m e t a l  hea t -  

The DC-DC Converter  Power  

Although not l i s ted  a s  major  d i ss ipa tors ,  a l l  stud-mounted Z e n e r s  - 
and many l a r g e r  value r e s i s t o r s  a r e  d i rec t ly  mounted into me ta l  
heatsinks.  
provide reasonably un i fo rm t empera tu res  in  any given unit and to 
minimize  ve r t i ca l  gradients  a c r o s s  the final assembly .  

Th i s  is done not only to  e a s e  fabricat ion but a l so  to 

E. MECHANICAL DESIGN AND FABRICATION FEATURES 

In addition to t h e  preceding major  sect ions on environmental  and the rma l  con- 
s ide ra t ions  involved in  t h e  mechanical design, t h e r e  a r e  a number of separa ted ,  
s ignif icant  f ac to r s  which influence the approach taken. 
t h i s  g e n e r a l  sect ion in aggregate.  

They are included-in 

1. Connectors  and Connections: The input-output connector is a 
machined platform on the front  of the PWM Unit and is  made  up of 
for ty-eight(48)  male  Malco pins* in  two (2 )  adjacent cavities.  
are the  blade wirewrap  type pin s e t  i n  nylon insu la tors  on 1 /8  inch 
centers. 

These  

Each  pin can  eas i ly  handle 3 a m p s ;  they have been used 

* Malco r e f e r s  to the genera l  set of blade "tuning fork" connectors  
originally designed by Malco Manufacturing. - Chicago, Illinois. 
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extensively in many miss i le  azf spacecraf t  e lec t ronic  a s sembl i e s .  
By selecting nickel for  the blL.--? mater ia l ,  excellent welds can then 
be made  d i rec t ly  to the pins. 
cu r ren t  handling capacity with ridun&.r;cy possible .  The  connector 
a r e a  is 0 -R ing-  sea led  when t tk  interizce adapter  module is 
installed.  Non-symmetr ic  5;s a s s i r e  proper  orientation of this  
module. 
top sur face .  These  t e s t  points c a r r y  e lec t r ica l  shor t  c i rcu i t  p ro -  
tection in the adapter  module E:--: then mate w i t h  appropr ia te  pins  on 
the input- output connector. R:?n three ( 3 )  i n v e r t e r s  a r e  used in  
paral le l ,  the in te r face  adapter isisembly is common to a l l  units i f  
t h e  s ide-by-side installation i s  23ssible. 
inver te r  m a y  then be wired to >:.e conirenient a r e a .  
var ia t ions do not affect the basic Static Inver te r  Assembly  design. 

3:ssing af s e v e r a l  pins  provides  

The interface adapter r=?odule displays t e s t  points a t  its 

T e s t  points fo r  each  
Note that such 

Male Malco pins a r e  a l so  used z t  the r e a r  of each unit f r a m e  to  
accomplish the unit-to-unit cor-rections. 
sealed when t h e  Interconnectiofi ,Module Assembly is installed.  
th i rd  application of th i s  connectar is i n  the Electronic  Control Module 
which f ea tu res  pluggable field replaceable modules.  
is obtained interfacial ly  when these modules a r e  plugged. 
connections, within a given unit or module, a r e  predominantly welded 
joints. This  technique provides a high s t rength and ex t remely  
rel iable  connection. 
ible with this  technique, such a s  the solder lugs normal ly  found on 
stud-mounted devices ,  the use of solder pe r  NASA type qualifica- 
tion is specified.  
terminals on the Malco pins not because of unreliabil i ty of the wi re -  
wrapping technique but because of the d e s i r e  to minimize  t h e  volume 
allocated to interconnections.  
highly re l iab le  technique. 

These  a l so  a r e  0-Ring  - 
The 

0-Ring sealing 
E lec t r i ca l  

Where component configurations a r e  incompat-  

Welding has been specified for  the wirewrap  

This  is commonly done and is a 

With the exception of the micrologic  module, the interconnection 
approach will be point-to-point welded ribbon wiring using teflon- 
sleeved nickel. Gold-plated Dumet wire  will be used where  
soldering is r equ i r ed  at  one end. 
module will be through multi layered printed c i rcu i t  boards .  

Interconnections in  the micrologic  

2. Unit F r a m e  Construction: The P W M  and the DC-DC Converter  Units 
a r e  built in the so-called dr i l led  block method of cordwood cons t ruc-  
tion. 
configuration of the finished unit including mounting holes and sealing 
surfaces. 
components o r  module mountings of subassembled groups  of 
components. 

A solid piece of aluminum is machined to  the exact  outside 

It is then dr i l led to accept  t h e  installation of a l l  l a rge  

A r e a s  for making of weld connections and wire  runs  
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a r e  mil-prof i led to depth f rom the top and bottom. 
of this  machining can be accomplished on tape -controlled milling 
machines  a t  nominal cost ,  
protect ions,  p a r t s  a r e  mounted ei ther  by bolting d i rec t ly  or  by 
staking them in  position with RTV s i las t ic .  
is then done followed by testing, potting and then unit testing. 
Usually the dr i l led  block is its own potting mold a s  well a s  being its 
own as sembly  j ig.  A third and p r i m e  advantage is that it provides  a 
minimum thermal res i s tance  path in  the conductive cooling of 
components. This  i s  the p r i m e  r e a s o n  f o r  its use in  these  modules .  
Its s t ruc tu ra l  ruggedness  approaches that of solid meta l .  

Normally,  a l l  

After  addition of anodize o r  other finish 

Interconnecting wiring 

The Elec t ronic  Control Unit, because of its lower power dissipation 
and var ie ty  of module types, is of m o r e  conventional welded module 
construction. The unit f r ame  is a thinner a s sembly  machined to  
final outside configuration with i t s  internal ,  lower side co red  out 
fo r  l a rge  amounts  of signal wiring. Holes a r e  then dr i l led  in  ac-  
cu ra t e  location by tape control f o r  installation of the l a rge  number  of 
Malco pins found in signal logic devices .  
the rear  of t h e  f r a m e  is identical to the other unit f r a m e s  for  the 
installation of the Unit Interconnection Module Assembly.  

The pin configuration a t  

R F  connectors  a r e  installed a t  the front of the unit for  the handling 
of the synchronization inputs and outputs. 
module ma te  with the f r ame  top sur face ;  jacking hold-down i n s e r t s  
a r e  a l s o  installed here .  

0 -Ring  s e a l s  on each  

Pin-to-pin wiring in  the unit f r a m e  is hand-wired with r e s i s t ance  
welded connections. 
the other unit f r a m e s ,  i t  is not felt  wirewrapping on automatic  
equipment is  n e c e s s a r y  and therefore  not proposed. 
resul t ing economy on overall  height. 

A f t e r  wiring, the f r a m e  may be hi-pot and continuity-tested then 
potted with closed ce l l  urethane foam. 

While the number  of connections is  l a r g e r  than 

T h e r e  is a 

3. Spacecraf t  I nstallation: Spacecraf t  installation is proposed to be 
ha rd  mounted by ten  (10)  1 /4-28  s ta in less  s t ee l  hold-down sc rews .  
These  s c r e w s  a r e  captive in  t h e  Static Inver te r  a s sembly  and a r e  
spr ing- re t rac tab le  when not engaged to  e a s e  installation and prevent  
damage  to  t h e  mounting finish a’s the unit is  s l id  along the mounting 
sur face .  
min imize  t h e r m a l  interface lo s ses .  Obviously, t h e  demands  of the 
thermal design guarantee s t ruc tu ra l  s ecu r i ty  a s  well. 
that  self-locking i n s e r t s  a r e  provided by the coldplate and that no 
locking f ea tu res  a re  furnished with the bolt. 

The hole spacing is approximately eve ry  three  inches to  

It is a s s u m e d  

I t  is possible 
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to instal l  a tapped i n s e r t  in the through holes that accommodate  the 
mounting bolts of a s ize  that will pe rmi t  c learance  for the mounting 
bolt and a l so  permi t  the mount to be made f rom below the coldplate. 

4. Subassembly Functionalization: The mechanical  allocation of e l ec -  
t ron ics  to the var ious  units and modules within these  units is  based 
on seve ra l  engineering trade-offs.  
s u c h  a s  the Static Inverter ,  the thermal  diss ipat ions of the var ious  
c i r cu i t  e lements  a r e  of p r ime importance in functionalization of the 
subassemblies .  

In conductively cooled design 

It is ex t remely  des i rab le  that the p r i m e  heat d i s s ipa to r s  be low 
re la t ive  to the coldplate to reduce the rma l  in te r faces  between units 
and inc rease  the efficiency of the the rma l  t r ans fe r .  
t h e  P W M  stage together with the power t r a n s i s t o r s  found in  the 
DC-DC Converter a r e  placed in the lower unit next to the coldplate 
(see Figure  24 for  detai ls  of this module).  The remaining portion 
of the DC-DC Converter  i s  in  the next unit l ayer  and, finally, the 
low voltage power supply and signal level  control units a r e  in the 
upper unit l ayer  most  remote  f rom the coldplate. 

F o r  this  reason ,  

5. Signal Flow: A second and, in some c a s e s ,  equal considerat ion in 
the mechanical  division of the sys tem such a s  this  is the Signal Level - 
and Information Flow experienced within the sys tem.  Noise and 
coupling can be reduced i f  a n  organized information flow i s  adhered 
to. 
r e q u i r e s  DC power in, and AC power out passing through both the 
PWM and the DC-DC unit. Power level  s ignals  a r e  then confined to 
the f i r s t  two unit l a y e r s  and input (DC) and output ( A C )  a r e  on 
opposite s ides  of these module connectors.  Synchronization s ignals  
a r e  brought in  independently d i rec t ly  to the third unit l ayer  a t  signal 
power level.  
throughout the top unit. 
two units. 

If the synchronization and phasing is removed,  the P W M  Inver te r  

The s ignal  information flow is then a low signal level  
T h e  higher power level  is found in the lower 

A f r inge benefit  f r o m  such mechanical  organization is that the top 
access ib le  layer  ( a c c e s s  in-field a f te r  installation) can be made to 
have pluggable modules thus allowing some field maintenance 
and r epa i r .  The power s tages ,  because of location and methods of 
assembly ,  would r equ i r e  factory maintenance. The pluggable module 
a l s o  has  a second fea ture  in that common p a r t s ,  in  t e r m s  of fo rm 
fac tor  such a s  capac i tors  and ICs, may be grouped in common 
modules. This  allows many s imi l a r  units to s h a r e  a common 
mounting, a common testing and a common fabricat ion method a t  
assembly.  Such groupings a r e  made in the c a s e  of capac i tors  in  the 
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DC-DC conver te r  and with the micrologic  in  the control  e lec t ronics .  
The  remaining modules in the Elec t ronic  Control  Unit a r e  functionally 
tes table  e i ther  a s  completed modules  o r  when plugged into t h e  unit 
f r a m e  with the micrologic  module and power supply. In such a n  
approach,  i t  was possible  in the case  of the DC-DC Conver te r  Unit 
to  r ea l i ze  a volume economy by using fewer of a l a r g e r  value of 
capaci tor  in  the output and 800 cps t r a p  capaci tor .  

It is recommended that, in the Prototype Unit, ce r t a in  p a r t s  be 
reopera ted  and that they be r ecased  by the manufac turer .  
a re :  the IN  2835 Zener  Diode found in  the DC-DC conver te r .  
flange on the stud is unnecessar i ly  l a rge  fo r  the dr i l led  block 
mounting. ) and the Solitron Trans i s to r  in  the PWM Unit r e q u i r e s  its 
s tud mounting to  be shortened to minimize the overa l l  unit height. 

These  
(The.  

6 .  Weight Volume and Package Efficiency: A s  indicated in  the introduc-  
to ry  r e m a r k s ,  the reliabil i ty and producibility a spec t s  of the des ign  
have been given t h e  p r i m e  emphasis .  
evolved a s  a r e su l t  of these fac tors  while still employing efficient 
package techniques. 
envelope and 400 cubic inches total  package. 
completed package will weigh 20-22 lbs .  exclusive of the Interface 
Adapter Module. 
is indicated (welded module construction yields a density on t h e  
ave rage  of that  of water ) .  

Weight and volume have 

The result ing volume is 434 cubic inches total  
It is es t imated  that t h e  

A density factor  slightly g r e a t e r  than that of water  
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V. RECOMMENDATIONS AND SUGGESTIONS 

7 

Q 
It is recommended that the Phase  I1 portion of the Static Inver te r  Development 
p r o g r a m  be init iated.  The Phase  I1 p rogram will ver i fy  the designs establ ished 

3 in Phase I and provide a prototype inver te r  package. 
4 

f 

J T h e  ini t ia l  prototype development work can be m o r e  effectively performed i f  
the p r e l i m i n a r y  package design is used when breadboarding the power handling 
i n v e r t e r  sec t ions .  This technique will yield m o r e  r e l i s t i c  t he rma l  information 
and e l imina te  a s t ep  in the t ransis t ion f r o m  the c i rcu i t  d i a g r a m  to the finished 
prototype. 

i 
9 
I 
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APPENDIX I 

Typical module construction pictor ia ls  a r e  included in  th i s  
appendix. 
i n  each  unit into the connectors provided in  the Elec t ronic  
Control Module F r a m e .  

These a r e  mounted by jacking sc rews  captive 

Genera l  a r r angemen t s  of the DC-DC Converter  Unit and the 
PWM Unit a r e  a l so  shown a s  re ference .  

In genera l ,  these a r e  solid aluminum blocks machined to  
accept components and wiring. 
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APPENDIX I1 

Enclosed in this appendix is an analog computer d iagram 
and a Design Specification extracted from the NASA Work 
Statement.  
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5:o DESIGN SPECIFICATION 

5.1 Introduction - The Design Specification will be divided into two 
sect ions as follows: 

5.1.1 Design Goals 

5.1.2 Design Requirements 

5.2 Design Goals - The following goals a r e  submitted f o r  guidance 
only and should be exceeded if possible 

5. 2 .1  Efficiency 

a .  
b.  . 60 percent at 0 . 4  t imes  full ra ted  load 

80 percent at full ra ted load 

NOTE: 
per three-phase  inver te r  o r  750 volt a m p e r e s  based on 2 modules per  th ree-  
phas e i nve r t e r  . 

Ful l  r a t ed  load - 5 0 0  volt amperes  per  module based on t h r e e  modules 

5.2. 2 
~ 

Weight - 15.0 pounds per  module maximum based on 3 
modules pe r  three-phase inver te r  o r  22 1 / 2  pounds per  
module based on 2 modules per  3-phase inve r t e r .  

5.2. 3 Dimensions - To be determined.  

5.2.4 Acoustic Noise - The generated acous t ic  noise  sha l l  be 
below the following levels:  

a. Sound P r e s s u r e  Level :  6 5  db m a  broadband noise  

b. Speech interference Level: 40 db  max.  
f r o m  20-10, 000 cps.  

5.2.  5 Reliability - The inver te r  sha l l  be designed to achieve a 
reliabil i ty of 0. 960 based on 400 hours  of operation a t  the 
environments specified here in .  

5 . 3  Design Requirements 

5 .3 .1  Mission Life - The inver te r  shal l  be designed to  have a 
total mission l i fe  of 1200 hours  of operation. 

5.3.2 Fac to r  of Safety - Each e l ec t r i ca l  e lement  within the  
inver te r  shal l  be ra ted  to withstand abnormal  parameter  
var ia t ions up to  1. 5 t imes  no rma l  ra ted  levels .  

79 



5. 3.  3 Elec t r ica l  Charac te r i s t ics  

1 
1 

5 . 3 . 3 . 1  

5 . 3 . 3 . 2  

5 . 3 . 3 . 3  

5 . 3 . 3 . 4  

5 . 3 . 3 . 5  

5 . 3 . 3 . 6  

5 . 3 . 3 . 7  

5.3.3.8 

Input Voltage - 28 volts DC plus o r  minus 4 
volts. 

Input Ripple - Less  than 1. 5 volts RMS as pe r  
MIL-STD-704, Pa rag raph  5 . 2 . 2 .  

Input Transients  - Inverter  sha l l  withstand 80 
volts DC f o r  10 microseconds ,  and 40 volts DC 
for 1 second without damage. 

Turn-On Trans ien t  - The turn-on t r ans i en t  a f te r  
two mill iseconds f r o m  turn  on with the input 
voltage as  specified in 5. 3 .  3.1 and full r a t ed  
load and power fac tors  shal l  not exceed 300 per  
cent of the steady state value for  the s a m e  
conditions. 
the s teady  s t a t e  values of input cu r ren t  and out- 
put voltage shal l  occur within 100 mi l l i seconds ,  
The inver te r  sha l l  s tabi l ize  to the per formance  
conditions of this specification within 5 seconds 
af ter  t u rn  on under all ra ted  cornhinations of 
line, load, and environment.  

Stabilization to  within 10 p e r  cent of 

Loss of Input Power - No de t r imenta l  effects 
shall  occur due to instantaneous removal  of in- 
put power during operation. 

Three-phase  Output Voltaee - 115 volts RMS 
plus o r  minus 1 per cent l ine to neutral  (3-phase, 
4 wire  sys t em)  over  ra ted load, input, and 
environmental conditions. 

Output Voltape Trans ien t  - The output voltage 
shall  r ema in  within 115 VRMS plus o r  minus 10 
per cent for  any s t ep  load o r  line change within 
the specified normal  l imi t s .  Recovery to s teady 
s ta te  limits sha l l  be within 0 .  05 seconds.  Tran-  
sient voltage in excess  of 225 volts peak shal l  not 
appear a t  the  output under any condition. 

Output Voltage Modulation - As per  MIL-STD-704, 
paragraph  5.1. 3 . 6  except that  maximum amplitude 
s h a l l  not exceed 2 . 0  volts peak. 
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5.3.  3 . 9  Output Frequency Modulation - The output 
frequency modulation shall not exceed 0. 5 cycles 
cycles per second under any load and power 
factor combination specified here in .  

5 .3 .3 .10  Load - 0 to 500 volt a m p e r e s  ( V . A . )  pe r  
modules based on 3 modules per  each 3-phase 
inverter  o r  0 to 750 V . A .  per  module based on 
2 modules p e r  each 3-phase inve r t e r s .  

5 .3 .  3.11 Power Fac tor  

a. All  load levels:  0.  65 lagging to 0 . 8 0  leading. 
b. 0 to  30 per  cent of ra ted  load: 

1 ead in g. 
0 .80  to  0 .1  

5 .3.  3.12 Overload - The inver te r  sha l l  be capable of with- 
standing a 150 per  cent overload for a 10 minute 
period while supplying an  output voltage within 
the limits of paragraph  5. 3. 3 .6 ,  and a 14 .0  
ampere  overload for a maximum of 20 seconds 
without damage.  The inver te r  sha l l  automatically 
l imit  the output cu r ren t  to 14: 0 a m p e r e s  maximum 
and r e tu rn  the unit to operation automatically up- 
on the removal  of the overlaod. 

5 .3 .3 .13  Frequency 

a.  Externa l  Synchronization: 400 cps plus or  
minus 1 p e r  cent.  
Signal Charac te r  i s  t ic s : 
1. Frequency: 6400 pps. 
2. Duty Cycle: 50 per  cent plus o r  minus 

1 pe r  cent. 
3 .  Amplitude: 

Pulse  l ton l l :  +3 .  0 volts plus o r  minus 
0 . 5  volts.  

Pulse  lloffll: 0 volts plus 0 . 5  minus 0 
volts.  

4. Frequency Stability: 10 p a r t s  p e r  million. 
5. Source and inver te r  impedances:  100 

6 .  Rise Time: 1. 0 microsecond.  
7. Decay Time: 1.0 microsecond.  

2 p e r  cent .  

o h m s  plus o r  minus 10 per  cent.  

b. Free-Running Mode: 400 c p s  plus o r  minus  

81 



5.3 .  3.14 Waveform - As specified in  MIL-STD-704, 
Paragraph  5.1. 3. 5. 

. 

5 . 3 .  3.15 Isolation - The AC output and DC input sha l l  be 
electr ical ly  isolated f r o m  each  other  and f r o m  
the c a s e  except for Radio Frequency Interference 
feed-through capaci tors  which may  be grounded 
to the c a s e .  
volts DC is applied between the input power 
te rmina ls  and the inver te r  case ,  and 750 volts 
DC between the AC output t e rmina l s  and the case .  

No breakdown sha l l  occur  when 400 

5 . 3 .  3.16 Ripple Generation - The inver te r  sha l l  not super -  
impose onto the DC input l ine any voltage in  ex 
excess  of 0 .5  volts peak between DC and 15 KC 
when measu red  a c r o s s  an input sou rce  with an 
impedance. of 500 mil l iohms.  

5.3.  3.17 Motor Star t ing - The inver te r  sha l l  be capable 
of s tar t ing an induction motor  load while s imul-  
taneously supplying 60 per  cent of its ra ted  out- 
put. The motor  load sha l l  be s imulated by 
connecting two fans (Rotron Manufacturing Com- 
pany Type AXIMAX-3, single phase,  motor  s e r i e s  
528YS) in para l le l  a c r o s s  the output and d is -  
connecting one of the fans af ter  5 seconds ,  
fans sha l l  be simultaneously s t a r t ed .  

The 

5.3.  3.18 Para l le l  and Three  Phase  Operation - The 
individual single phase inver te rs  sha l l  be capable 
of being interconnected for any combination of 
para l le l  and /o r  t h ree  phase operat ion.  

5 .3 .  3.19 Electromagnetic Interference - The equipment 
shall  meet  the design, quality a s su rance ,  testing, 
and documentation requi rements  of MIL-1-26600 
and MSC addendum ASPO-EMI-IOA. In case  of 
a conflict in specifications,  the t e s t s  and requi re -  
ments  specif ied in MIL-1-26600 and MSC addendum 
ASPO-EMI-1OA shal l  not be superseded  by any 
other t e s t  o r  requi rement  included in these speci-  
f ications.  

5.3. 3. 20 Dielectr ic  Strength .. Elec t r i ca l  pa r t s  and sub- 
assembl ies  pr ior  to being wired shal l  be capable 
of withstanding a n  e l ec t r i ca l  potential of 1500 
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volts RMS, 60  cps in accordance  with MIL-STD-202, 
Method 301 between insulated points and c a s e  with- 
out e lec t r ica l  breakdown. Cr i t e r ion  of Fa i lure :  

a. Breakdown, o r  
b. Current  flow in  excess  of 500 m i c r o a m p s .  

A l l  i t ems  which cannot be tes ted  f o r  d i e l ec t r i c  
s t rength wi l l  be subject  to approval.  

5 . 3 .  3.21 Protect ive Devic'es - Protec t ive  devices which 
requi re  replacement  o r  manual  rese t t ing  sha l l  
not be us ed. 

5 . 3 . 4  Mechanical Charac te r i s t ics  

5 . 3 . 4 . 1  T h e r m i l  Requirements  
a. 
a. The .major  heat-dissipating elements  of the 

power inver te r  sha l l  be mounted on a heat  
sink, one su r face  of which sha l l  be exposed 
on  the module fo r  external  conduction cooling. 
F o r  design purposes  the inverter  assembly  
sha l l  be considered thermally isolated f r o m  
all conducting s t r u c t u r e s .  Spacecraf t  mounting 
su r face  will have at l ea s t  200 squa re  inches 
of contact a r e a ,  

b. Heat Flow - Maximum allowable heat  flux in 
any portion of the inverter :  
s q u a r e  inch. 

3 . 0  watts  per  

c. The rma l  Conductivity - Heat sink to cold 
plate: 100 BTU/hr/ft ' /OF 

d. Heat sink surface:  
Finish: 32 microinches RMS max.  
F la tness :  Within 0.010 inches total indicated 

run  out. 

5 . 3 . 4 . 2  Sealing - The inver te r  shal l  be designed such that  
those portions of the c i rcu i t  that will burn,  spark, 
or outgas because of e lec t r i ca l  overload or  sho r t  
c i rcu i t  a r e  hermetical ly  sealed o r  potted. Potting 
must be of the closed-cell  foam type which will 
not support  combustion. 
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5 . 3 . 4 .  3 Vibration Isolators  - The inver te r  shal l  be 
designed such that  vibration i so la tors  will not 
be requi red .  

5 . 3 . 5  Environmental 

5 . 3 . 5 . 1  Tempera ture  Limi ts  

a .  Operating Ambient: 0-160°F 
b. Cold P la te  Coolant Tempera ture :  3 5 ° F  min 

to 135°F max. 

5 . 3 . 5 . 2  Tempera ture  Sensors  - Tempera tu re  s e n s o r s  
shall  be incorporated a t  c r i t i ca l  points to provide 
a n  external  indication of excessive tempera ture  
conditions, The tempera ture  s e n s o r s  shal l  be 
provided as shown necessa ry  by the reliabil i ty 
and maintainabili ty s tudies  to be per formed 
during the Development Stage.  

5 . 3 . 5 . 3  Thermal  Vacuum - The inver te r  will be exposed 
to a vacuum of 1 .0  X 10 -5 mi l l ime te r s  Mercury .  
The unit will be  operated at full  load over  the 
ambient tempera ture  range  given in 5. 3. 5. la, 

5.3. 5 . 4  Shock - The unit will be capable of withstanding 
a peak accelerat ion of 20g. 
waveform will be a saw tooth with a n  11 mil l i -  
second r i s e  t ime and a 1 mill isecond decay.  The 
unit will be operating during this  t e s t  and will be 
expected to r ema in  within specified to l e rances ,  

The chock pulse 

5 . 3 .  5. 5 Vibration 

a. Sinusoidal: 5-100 cps - Linear  i nc rease  
f r o m  0.3g at 5 cps to 8 .  5g a t  100 cps .  
100 - 300 CPS - 8 .5g  
300 - 2000 cps - Linear  d e c r e a s e  f r o m  8 .5g  
at 300 cps to 5g a t  2000 cps .  
Sweep Rate: 
i n  each of t h ree  mutually perpendicular axes .  

1/2 octave perminute  fo r  2 cycles 

b. Random: 20 - 95 cps - 0.041 g 2 / c p s  
8 5  - 100 cps - 12db/oct rise 
100 - 1000 CPS - 0. 078g2/cps 
1000 - 1200 - 12 db /oc t  roll-off. 
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1200 - 2000 - o.o41g2/cps.  

Vibration in th ree  mutually perpendicular 
axes ,  17 minutes  in each  ax i s .  
Ambient tempera ture :  160°F 
Inver te r  will be operated and shall remain  
within specified to le rances .  

5 .3 .  5 .6  Acoustic Susceptibility - The inver te r  sha l l  be 
capable of Withstanding a sound p r e s s u r e  level 
of 140 db  overa l l  with a frequency range  of 4 . 7  
to 9 ,600 cps.  

5. 3 . 6  Tes t  Points - An adequate number of t e s t  points shal l  be 
provided for each  subassembly to facil i tate isolation of 
faults in the inver te r .  
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A P P E N D M  I11 

This section contains the winding data for the wound 
components that  a r e  not available f rom commer  cia1 
stock. 
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